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The Association of Scientists and Engineers of the Naval Sea Systems
Command has as its objectives to promote the best interest of the Govern-
ment of the United States of America, to promote the professional develop-
ment of the membership, to maintain high standards of professional ethics
and competence, and to foster good fellowship and cooperation. When
engaged in Association activities, the standards by which ethical conduct
shall be measured are delineated in the following ASE Code of Ethics:

Article 1. ASE members shall place the interest of the United States Gov-
ernment, the Naval Sea Systems Command and the Association above any
personal interests.

Article II. ASE members shall actively support the Command s policies
on EEO, sexual harassment, and other non-discrimination programs.

Article Ill. ASE members shall limit use of government resources to levels
acceptable to the Command when preparing and distributing Association
correspondence or generating physical displays.

Article 1V. ASE members shall protect the integrity of proprietary, con-
tractual or classified information in performance of Association business.

Article V. ASE members shall conduct themselves in such a manner as to
avoid behavior that is, or might be perceived to be, illegal, improper or
unethical.
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ASSOCIATION OF SCIENTISTS AND ENGINEERS
OF THE NAVAL SEA SYSTEMS COMMAND
Post Office Box 15864
Ariington, Virginia 22215

May 28 1992

On behalf of the Executive Board and the general membership of the
Association of Scientists and Engineers of the Naval Sea Systems Command, |
welcome you to our 29th Annual Technical Symposium. In 1991, ASE took a bold
step and not only changed the Symposium time but revitalized and energized this
core ASE activity. This year's program promises to be among the best! Although
you will note that this year is not business as usual. We too are facing the stigma
of declining budgets and the frills of an ASE momento have been eliminated so
that we can continue to bring you this quality ASE Symposium Paper Package
without a price increase.

The Professional Development Committee has put together a strong
technical program covering the broad spectrum of Command responsibilities. The
theme this year is "ACHIEVING AFFORDABLE PERFORMANCE" and we have
included a panel discussion in technical session 1 on "Affordability” to highlight
the importance of this issue within the Command. The paper topics in the
technical sessions range from insensitive munitions to HM&E and combat
systems interfaces, corrosion control to environmental monitoring and guidance
systems, decision making under casualty to survivability management and ship
design tools to cost modeling; truly a program structured to meet the objectives
of the Association as well as the mission, vision and guiding principals of the
Command.

At the luncheon today Vice Admiral Kenneth C. Malley, Commander Naval
Sea Systems Command, will provide a "View From The Bridge" and set the
course for the future. Vice Admiral J. Paul Reason, Commander, Naval Surface
Force, U.S. Atlantic Fleet, will be our luncheon speaker. During the luncheon, Mr
Paul Anthony will be our Master of Ceremonies.

The ASE Symposium Committee has done a superb job in planning and
preparing for this event. They have once again met the challenges and have
emerged successful. We are proud to have had the opportunity to serve our
membership, our profession, and our Command.
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NAVAL SEA SYSTEMS COMMAND

MISSION
Our mission is to transform military requirements into naval capabilities through
research, development, engineering, design, acquisition, modernization,
maintenance and logistics support of effective ships, systems and munitions. This
enables our sailors and marines to conduct prompt and sustained worldwide
maritime operations.

VISION

Our vision is a topnotch team of NAVSEA activities which has the full support and
confidence of our customers and a deserved reputation for excellence.

GUIDING PRINCIPLES

Provide the highestbqualit ships, systems and munitions which are safe,

affordable, supportable and delivered on schedule.
Listen to our customers and base decisions on best available information
with full consideration of their impact on all concerned.

Treat people with courtesy and respect, provide a safe and efficient work
environment, foster equal opportunity, and recognize noteworthy
contributions.

Build and sustain relationships based on competence, teamwork, career
development, and the highest standards of integrity.

Develop and maintain effective relationships with contractors by dealing in
an open, fair, and cooperative manner consistent with law, regulation and
the public trust.

Ensure effective and responsible use of people, money, facilities, equipment
and time,

Conduct all activities in an environmentally responsible manner.

Achieve total quality through continuous improvement of processes and
products.
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authors and are not necessarily the official views of the
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Abstract

With the demands for accuracy in the prediction of cost
expenditure and growth in these times when the budget
is continually being constrained, managers are searching
for tools which will assist them in monitoring their
contract expenditures. Utilizing statistical modeling,
simple linear regression and polynomial regression, ex-
penditure curves have been determined for specific ship
classes as a percent of budget over time. Potential
applications include identification of optimal build sched-
ules and prediction of cost growth over contract life.
Analysis is based on data obtained from the Defense
Acquisition Executive Summary (DAES) reports and
represents an aggregate of ship contracts by class.
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ABBREVIATIONS

ACWP Actual Cost of Work Performed
BCWP Budgeted Cost of Work Performed
BCWS Budgeted Cost of Work Scheduled
CBB Contract Budget Base

CcG Guided Missile Cruiser

CPA Cost Performance Analysis

CP1 Cost Performance Index

CPR Cost Performance Report

DAES Defense Acquisition Executive Summary
EAC Estimate at Completion

FFG Guided Missile Frigate

FFP Firm Fixed-Price

NAVSEA  Naval Sea Systems Command
NCA Naval Center for Cost Analysis
PM Program Manager

SP1 Schedule Performance Index

SSN Submarine, Nuclear-Powered
INTRODUCTION

Navy Program Managers (PMs) need quick recognition of
potential cost growth or schedule slippage to successfully
manage contractor performance. The sooner a potential
problem in contract execution is recognized, the more time
available and the greater the options for resolution. This
study attempts to review historical expenditures on ship-
building construction contracts for individual ship classes,
determine standard expenditure equations for each ship
class, and discuss possible uses of expenditure as early
indicators of contractor cost at completion.

The PM has numerous sources of information available for
use in evajuating contractor performance. One source is the
return cost data provided in Cost Performance Reports
(CPRs). The information provided in a CPR includes the
actual cost of work performed (ACWP), the budgeted cost
of work performed (BCWP), the budgeted cost of work
scheduled (BCWS), and the contractor’s estimate at comple-
tion (EAC). Performance trend analysis techniques using
cost and/or schedule performance (i.e., CPI and SPI), while

Association of Scientists and Engineers
29th Annual Technical Symposiurn, 28 May 1992
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extremely useful, are not always accurate predictors of
ultimate cost and schedule performance when applied in the
earlier stages of a contract. Typically, cost and schedule
problems are not apparent until the contracted cffort has
progressed 40% or more. As a result, performance trend
analysis performed during the first 40% of the contracted
effort may understate cost and schedule problems.

This study identifies historical expenditures for the follow
ships of the CG-47, FFG-7, and SSN-688 ship classes, and
examines the relationship between these expenditures and
cost at completion in the belief that significant deviation
from the Naval Ship Expenditure Curve may be an indicator
of potential cost or schedule problems. Used incombination
with existing performance trend analysis techniques, this
information should enhancc the PM’s ability to assess
contractor performance throughout execution of a given
contract.

OVERVIEW

This study utilized earlier research and database develop-
ment by Ms. Donna Lee of NAVSEA 017. The concept of
reviewing expenditures for major shipbuilding programs
was initiated by Dr. Tzee-Nan Lo of the Naval Center for
Cost Analysis (NCA). Early research was supervised by Dr.
Lo and Mr. Ron Schnepper of NCA.

Return cost data was collected from Defense Acquisition
Executive Summary (DAES) Reports on the CG-47, FFG-
7, and SSN-688 classes (16 January 1991 submit).

Using contract start and completion data available in the
DAES reports, expenditures were plotted against work
complete. Because contract lengths (contract start to pro-
jected completion date) vary, it was necessary to normalize
the time variable by restating

time elapsed as a percent of total contract length. To
normalize for differences in ship quantities between con-
tracts and baseline changes during production, cumulative
expenditures were determined as a percentage of the con-
tractor budget base (CBB) at contract award. A linear
relationship was developed between time elapsed and accu-
mulated expenditures (as a percentage of the original CBB)
forthe CG-47, FFG-7,and SSN-688 classes (R?> 0.80). This
effort was further refined into a polynomial regression
equation more accurately reflecting historical expenditure
profiles (R* > 0.95).

DATA SOURCES

The source for return cost data used in the study is the
Defense Acquisition Executive Summary (DAES) Report
which consists of contractor return cost data and PM pro-
gram and cost assessments submitted quarterly to OSD for
all major DoD programs. The DAES reports were used as

the source of the study because they are the information
management tools established in DoDI 5000.50 to facilitate
acquisition oversight responsibilities for the Defense Acqui-
sition Executive and to satisfy periodic reporting require-
ments for major defense acquisition programs in DoDI
5000.2. DAES reports include only summary level cost
performance information. To further refine the analysis, the
PM could extract additional data from other available
sources (e.g., CPRs, CCDRs, SUPSHIP, shipyards). From
the DAES reports, a historical cost database including
ACWP,BCWP,BCWS, EACs (Contractorand PM), and the
CBB was developed for the CG-47, FFG-7, and SSN-688
classes. These terms are defined as follows:

BCWS (Budgeted cost of Work Scheduled)

Effort (in dollars) budgeted by the contractor to perform
work scheduled. At completion, the cumulative BCWS is
equal to the Contract Budget Baseline (CBB).

BCWP (Budget Cost of Work Performed)

Effort (in dollars) budgeted for work completed. If the
contractor is on schedule, the BCWP equals BCWS; if the
contractor is behind schedule, the BCWP is less than the
BCWS. By definition, BCWS equals BCWP at contract
completion.

ACWP (Actual Cost of Work Performed)

Effort (in dollars) expended to complete actual work per-
formed. Differences from the BCWS and BCWP will result
if the contract is behind or ahead of schedule, or if actuals
exceed or are less than the budgeted effort for work per-
formed.

CBB (Contractor Budget Base)

The sum of the negotiated cost and the estimated cost for
authorized, unpriced work for the contract.

EAC (Estimate at Completion)

Projected total contract cost at completion.

APPROACH

The expenditure curves developed relate cumulative expen-
ditures (measured as a percentage of the CBB at contract
award) to the percent of expected contract duration (mea-
sured as the percentage of time elapsed between contract
award and completion). This approach was used to normal-
ize the differences in contract lengths.

Contract expenditures (ACWP) are measured as a percent-
age of the CBB at contract award. This unit of measure was
utilized to normalize expenditures against 'a common
baseline, the CBB, to permit comparisons across contracts.
Because the CBB at contract award is being utilized, cost
growth due to baseline changes cannot be distinguished

Assoclation of Scientists and Engineers
29th Annual Technical Symposium, 28 May 1992 2
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Figure 1 - CG-47 Budget Expenditure
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Figure 2 - FFG-7 Budget Expenditure
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Figure 3 - SSN-688 Budget Expenditure
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Cumulative expenditures as a percentage of the CBB at
contract award were plotted against time for available
shipbuilding construction contracts of the CG-47, FFG-7,
and SSN-688 ship classes. Across the three ship classes, 445
data points were plotted. The costs shown in Figures 1,2 &
3 are recorded by ship contract.

Figures 1, 2 & 3 exclude lead ship expenditures because
detail design and nonrecurring costs create anomalies in
expenditures compared to follow ships. As a result, only
follow ships were analyzed.

As noted from Table 1, not all hulls within each ship class
were represented. The DAES reports utilized at the time of
research only had data for the hulls shown. Additional data
sources are being pursued and will be incorporated in the
future.

Simple linear regressions were performed on the data to
determine the linear relationship between percent complete
ona time basis and cumulative expenditures as a percentage
of the CBB. The trend lines are shown in Figures 4,5 & 6.

After analysis at the aggregate level, the data for each ship
class was separated by shipyard and additional regressions
were performed. Regression equations performed at the
shipyard level had R? > 0.90 for each ship class. Due to
specific shipyard analysis being business sensitive, the
results could only be provided at an aggregate (total ship
class) level as seen in Table 2.

The regression equations shown above depict straight line
relationships between time and expenditure, When the data
is presented graphically itis clear that the expenditure is not
constant. The expenditure accelerates during the earlier
stages of the contract, remains constant during the middle
stage, and decelerates toward completion. The simple linear
regression is most accurate in depicting expenditures during
the middle stage (25% - 75% time interval) when the rate is
constant, but does not accurately model the earlier or later
stages. After examining other types of regressions, it was
determined that the polynomial regressions more accurately
reflect changing expenditures experienced during the carlier
and Iater stages of the contract.

Association of Scientists and Engineers
29th Annual Technical Symposium, 28 May 1992
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Figure 4 - CG-47 Class Simple Linear Regression
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Figure 7 - CG-47 Polynomial Regression
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Figure S - FFG-7 Class Simple Linear Regression

Figure 8 - FFG-7 Polynomial Regression
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Figure 6 - SSN-688 Class Simple Linear Regression
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Figure 9 - SSN-688 Polynomial Regression
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TABLE 2: Linear Regression

Ship Class Hull #’s Regression Equations R? | # of Observations
CG-47 48,54-73 Y=1.21X-0.10 0.84 118
| __FFG-7 8-16,19-28,30,31,33,36-43| Y=1.38X-0.15 0.81 243
SSN-688 754-767,769,770,772 Y=1.49X - 0.07 0.94 84
X = % complete on a time basis Y = % of the budget spent

Utilizing STATGRAPHICS applied to the same data,
numerous polynomial regressions were performed on the
data to acquire the best curve fit. For the n lynomial
regressions, the data was modeled with consant, linear,
squared, and cubic terms. The criteria for the best fit
equation was the highest R>. As shown in Table 3, the
regression equations using cubic polynomial relationships
more accurately delineate historical expenditure curves
than the linear relationship previously developed.

Cumulative expenditures projected using the polynomial
regression equations are depicted for the CG-47, FFG-7,
and SSN-688 classes in Figures 7,8 & 9.

Currently, 2 model exists which predicts ship construction
expenditure rates. The model, known as the Naval Ship
Expenditure Curve, is utilized by NAVSEA to forecast
escalation cost for ship construction programs. Standard
expenditure rates have been developed for labor and mate-
rial costs. An analytical representation of this model is
shown in Figure 10.

From Figure 10, the following three distinct construction
periods are apparent:

Construction Period
- Build Up (0% - 25%)
- Peak and Stabilize (25% - 75%)
- Slow Down (75% - 100%)

Similar, distinct expenditure phases were observed in the
return cost data for the CG-47, FFG-7, and SSN-688 classes.
Figures 11, 12 & 13 compare the regression equations in

Figure 10 - Naval Ship Expenditure Curve

Table 3 based on historical ship class expenditures to the
Naval Ship Expenditure Curve.

Itis clearthatthe trend foreach of the curves is similar. Since
expenditures are measured against the CBB at contract
award, the regression equations reflect either a cost growth
or savings due to overrun/underruns or baseline changes
during the contract. This will result in expenditures exceed-
ing orunderrunning the CBB at completion. Other possible
causes of cost deviation from the CBB may be contract type
and acquisition strategy. Some contract types (e.g., FFP)
entail more contractor risk. For these contracts, it is likely
the CBB will be more conservative (larger) than a compa-

TABLE 3: Polynomial Regressions
Ship Class Hull #’s Regression Equations R? #of
Observations
CG-47 48.54-73 Y=3.21X2-224 X3 0.95 118
FFG-7 | 8-16,19-28,30,31,33,36-43] Y =-0.49 X + 4.72 X?- 3.21 X® |0.93 243
SSN-688 754-767,769,770,772 Y=037X+3.17 X,-2.26X* 10.99 84
X = % complete on a time basis Y = % of the budget spent
s Association of Sclentists and Engineers
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Figure 11
CG-47 Polynomial Regression vs Naval Ship Curve
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Figure 12
FFG-7 Polynomial Regression vs Naval Ship Curve

rable effort with less contractor risk. Similarly, the acqui-
sition strategy will affect the CBB at contract award. The
CBB for competitively awarded contracts is likely to be
based on more aggressive cost assumptions than a sole
source contract. These are possible considerations that
should be reviewed in the future.

FINDINGS

The shape of the aggregate expenditure curves suggests that
there are three distinct expenditure phases to each ship
construction contract, and not necessarily a one-to-one ratio
between the percent of the budget spent and percent com-
plete on a time basis. Table 4 shows expenditures as a
percentage of CBB at 40%, 60%, 80%, and 100% complete
(time basis) for the CG-47, FFG-7, and SSN-688 classes
relative to the Naval Ship Expenditure Curve.

The data suggests that excessive cumulative expenditures
(i.e., higher than modeled projections) early in production
may indicate cost growth at completion. At 40% complete,
the CG and FFG cumulative expenditures are less than 40%
of the CBB at contract award resulting in costs at completion
which approximated the initial CBB. Conversely, SSN
expenditures exceeded 40% of the CBB at 40% complete
and exceeded the CBB by 27.8% at completion. A graphical
representation can be seen in Figure 14.

The relationships shown above werz derived atanaggregate
leve! for each ship class. However, similar trends were
observed for individual contracts within each ship class.
High expenditure rates early in contract performance typi-
cally resulted in higher costs at completion relative to the
CBB. Varations from the modeled expenditures observed
in specific contracts at 40% complete continued throughout
the contract.

| COMPUINE (Tone Seutir)

Figure 13
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Figure 14 - Modeled Expenditures
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TABLE 4: Modeled Expenditures

Percent Time 40.0 % 60.0 %
CG-47 $ 37.0 % 67.1 % | 90.6 % | 96.7 %
FFG-7 a 35,3 % 71.2 % 98,5 % | 102.1 %
SSN-688 ¢ 51.0 % 87.4 % 116.6 % | 127.8 %
L Naval Ship t 36.7 % 63.3 § 89.3 & | 100.0 %
SUMMARY RECOMMENDATIONS

The study confirmed that ship construction expenditures are
consistent forspecificshipclasses and shipyards. Lincarand
polynomial regression equations were developed at the
aggregate and shipyard specific level for the FFG-7, CG-47,
and SSN-688 ship classes based on historical expenditure.
Shipyard specific polynomial equations correspond most
closely with historical expenditure profiles. The shipyard
analysis suggests that for follow ship contracts there exists
a chanacteristic expenditure curve that is unique for that
particular shipyard. Significant deviation in actual expen-
ditures compared fo projected expenditures (based on poly-
nomial regression analysis of historical data for follow ships
of the same class) occurring as early as 40% into contract
performance may indicate cost growth due to baseline
changes or overrun.

The PM should consider expenditure rate analysis as a
contract management tool to supplement contractor trend
analysis techniques for ship construction contracts. Further
investigation of the possible use of the expenditure equa-
tions as early indicators of potential cost growth should be
performed. This analysis can be refined by utilizing data
which is not only class specific, but in addition shipyard
specific. Other possible considerations for future analysis
are regressions with respect to contract type and acquisition
strategy. Furtherstudy could also be performed to consider
additional issues such as optimal construction periods for
each ship class and the cost impact on compressing or
lengthening of schedules.

Assoclation of Scientists and Engineers
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ABSTRACT

The best value concept is based on making decisions on
an offeror’s technical competence, proven past perfor-
mance, managementcapability, life-cycle costs, and prod-
uct quality. The evaluation of these factors shouild be
structured to ensure consideration is given to determine
the overall benefit associated with the offered price. This
paper advocates using the best value concept as the
method for developing and rating proposal evaluation
factors for procurement of new ships. It discusses meth-
ods for establishing evaluation factors, developing stan-
dards to evaluate the factors, associated documentation,
and weighting and scoring the factors. The information
for this paper was obtained from personal interviews,
hands-on experience of developing and evaluating best
value proposals, and documentation research. If prop-
erly executed, the best value concept will enable the Navy
to improve ships while reducing operating costs.LIST
OF FIGURES
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NOTATIONS/DEFINITIONS/

ABBREVIATIONS
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Development and
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CICA Competition In Contracting Act
DAB Decision Acquisition Board
DoD Department of Defense
FAR Federal Acquisition Regulation
GAO General Accounting Office
NAVSEA Naval Sea Systems Command
RFP Request for Proposal

SSASource Selection Authority

SSP Source Selection Plan
WBS Work Breakdown Structure
INTRODUCTION

According to Dr. W. Edwards Deming, purchasing depart-
ments customarily operate on orders to seek the lowest-
priced vendor: striking deals with the cheapestsupplicrisan
accepted way of doing business in America. Awarding
contracts that are the lowest in price but still technically
acceptable has been a common practice within the Govern-
ment. This approach frequently leads to poor quality goods
and services. Deming strongly recommends ending the
practice of awarding business mainly on price tag.

Dr. Deming’s philosophy concemning quality is currently
beingapplied within the Department of Defense (DoD). The
Assistant Secretary of the Navy (Research, Development
and Acquisition) has issued a memorandum for program
executive officers emphasizing DoD’s commitmentto award
contracts competitively on the basis of “best value” to the
Government. Best value is deline i as a method of awarding
contracts for proposals that 2ic most advantageous to the
Government, considering other factors as well as price.
“The current focus on best-value contracting is viewed by
many on Capitol Hill, in the defense industry, and at DoD as
simply the proper implementation of the 1984 Competition
in Contracting Act (CICA) [1].”

“Since the introduction of CICA, the General Accounting
Office (GAO) has handed down several decisions holding
that the Government may not award without discussions
with the offerors unless it is awarding the contract on basis
of the lowest cost.

In one of these cases (Information Spectrum, Inc., B-
233208, February 22, 1989), GAO found that the Navy
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stated in its solicitation that technical evaluation factors
were significantly more important than cost for purposes of
awarding the contract... GAO held that the Navy could not
award to the company who had been judged more techni-
cally qualified, because there was another offeror who was
within the technical range and had proposed a lower total
cost [2].” This has been mistakenly interpreted by many
within DoD to mean that contracts must be awarded based
on lowest price, not lowest cost over the long term.

In an effort to clarify the interpretation of CICA, the House
Armed Services Committee Report for the Defense Autho-
rization Actfor fiscal year 1991 indicates that Congress “has
also attempted to make clear that an assessment of lowest
overall cost is not limited to price and price-related factors.
Cost encompasses not just price and price-related factors,
butthe outlay or expenditure the government will make over
the life of a product. Cost also encompasses “technical”
factors such as quality, design, technical capability, man-
agement capability, past performance, and cost discipline,
etc., to the extent these factors can be translated into a
monetary context, and offerors can be given a clear indica-
tion in the solicitation bow those factors will be quantified

3”

It was this new interpretation of CICA that introduced the
new buzz words “best value,” now being widely used
throughout Government acquisition offices. However, if
you were to ask what best value means, you would receive
several different answer. (See Figure 1).

o
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Figure 1 - Best Value Illustration

MILESTONES

The best value concept is applied differently during ecach
“milestone” of a ship acquisition program. Milestones are
those points during the acquisition process at which a
Decision Acquisition Board (DAB) evaluates and approves
the program. The process is normally divided into five
phases, defined by Department of Defense Directive 5000.2,
Defense Acquisition Management Policies and Procedures
as: Milestone 0, Concept Study Approval; Milestone 1,
Concept Demonstration Approval; Milestone II, Develop-
ment Approval; Milestone III, Production Approval; Mile-
stone IV, Major Modification Approval. Abriefexplanation
of each milestone is given below.

Milestone 0 occurs onapproval of the program initiation and
grants authorization to budget for a new program. At this
juncture primary best value considerations are mission area
analysis, affordability and life-cycle costs. The DAB’s
approval of the proposed mission allows the program man-
ager to enter into the “Concept Exploration/Definition”
phase.

Milestone [ involves the decision to proceed into the “Con-
cept Demonstration/Validation” phase. Here the primary
best value considerations are programalternative trade-offs;
performance, cost and schedule trade-offs; and affordability
and life-cycle costs. This review establishes broad program
cost, schedule, operational effectiveness and operational
suitability goals. The principles of acquisition streamlining
and design-to-cost are emphasized at this point.

During the Milestone II process, the DAB decides whether
to proceed to “Full-Scale Development”. The DAB review
occurs before the release of the final Request for Proposals.
Best value considerations are: affordability versus military
value and operational suitability/effectiveness; risks versus
benefits; development transition to production; industry
surge/mobilization capacity; program stability; potential
common-use solutions; and test results. Particularemphasis
is placed on the requirements for the transition from devel-
opment to production.

Milestone III marks the decision to proceed into the “Full-
Rate Production and Initial Deployment” phase. The pri-
mary best value considerations are: results of operational
evaluations; production or construction costs; affordability
and life-cycle costs; production and deployment schedule;
reliability; maintainability and integrated logistics support.
Other considerations are producibility and procurement
authorization.

Milestone 1V, “Major Upgrade or System Replacement,”
normally occurs 5-10 years after initial deployment. Best
value considerations are given to the original mission re-
quirements, modifications that extend useful life, technol-
ogy changes, and the disposition of displaced equipment.

This paper advocates the best value method for developing
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and rating proposal evaluation factors for ship development,
Milestone II. The discussion will emphasize three evalua-
tion factors, technical, management, and cost, that most
commonly appear in solicitations.

EVALUATION FACTORS

According to the Federal Acquisition Regulation (FAR), a
solicitation shall clearly state the evaluation factors, includ-
ing price or cost and any significant subfactors, and their
relative orderorimportance. The specific evaluation factors
used will depend on the program. Every source selection
shall include a cost evaluation factor.

Often, the most difficult task in preparing a solicitation is
developing and defining the factors to be evaluated for
award. The procedures fordevelopingthe evaluation factors
are at the discretion of acquisition officials within the
Government agency writing the proposal. The actual factors
and any significant subfactors, however, must flow fromthe
statement of work and must be tailored to the acquisition.

Evaluation factors may differ substantially among different
kinds of acquisitions and, in the case of ship acquisitions, the
factors may also differ according to the phases of the
acquisition process. “It is important to make a distinction
between evaluation factors/subfactors for hardware versus
factors for service acquisitions. Inservice and/or research
acquisitions, it is appropriate to use factors more closely akin
to corporate performance capabilitics. Serious thought
should be given, and rationale developed, to be sure that the
factors and subfactors discriminate among offerors [4).”
Therefore, each factor must be defined clearly.

“The factors chosen as essential to the selection process can
be broad inscope; however, they should be limited to aspects
necessary to the success of the program [S].” Evaluation
factors generally fall into the following functional disci-
plines: (1) technical, (2) management, and (3) cost. Figure
2 illustrates how evaluation factors and their relative order
of importance may be shown within a solicitation.

In the past, these factors have been evaluated against a
standard and measured as being either acceptable or unac-
ceptable. In the context of a best value, the evaluators
identify the strengths, weaknesses, deficiencies, or risks of
cach proposal. Rating points are assigned to those proposals
exceeding the minimum requirements; points are reduced
for weaknesses within proposals. Rating points can be
shown as cither a percentage or a series of ranges. The
method of rating and scoring will be discussed in more detail
later in this paper.

Technical Factor

Tecbnical evaluation factors must not limit competition and
should not overemphasize experience with the program

SECTION M:
AWARD

EVALUATION FACTORS FOR

1. There are three factors, technical, management, and
cost, to be evaluated by the Government in the Source
Seclection to determine the value to the Government.

2. The order of importance of these three factors are
technical, management, and cost. These factors and their
associated subfactors are as follows:

FACTOR 1: TECHNICAL

a. Hull Structure

b. Propulsion Plant

c. Electric Plant

d. Communications and Control
e. Auxiliary Systems

f. Outfit and Furnishings

g Integration/Engineering

h. Ship Assembly

FACTOR 2: MANAGEMENT

a. Business
1. Project Management
2. System Engineering
3. Past Performance
4. Data
5. Manpower
6. Training
b. Schedules
1. Master Schedule
2. Procurement Schedule
3. Production/Outfitting Schedule
4. Design Schedule
5. Tests and Trials Schedule
c. Resources
1. Peculiar Support Equipment
2. Industrial Facilities

FACTOR 3: COST

a. Cost/Price Data
b. Materials
c. Labor

FIGURE 2 - SAMPLE EVALUATION FACTORS
FOR AWARD

itself, because this could make the factors unduly restrictive.
Subfactors can bave a significant impact on the source
selection process. Therefore, it is essential toselect subfactors
that emphasize the essential requirements of the acquisition.
The factors and subfactors should identify those items most
critical to operational nceds. This can be accomplished by
preparing a project summary work breakdown structure
(WBS) tailored to the program objectives, then developing
factors to parallel the WBS.
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Levell Level2 Level 3
Ship System Ship Hull Structure
Propulsion Plant
Electric Plant
Communications
Auxiliary Systems
Outfit and Furnishings
Integration/Engineering
Ship Construction
Training Equipment
Services
Facilities
Systems Test Developmental T&E
and Operational T&E
Evaluation T&E Support
Test Facilities
Data Technical Publications
Engineering Data
Support Data
Management Data
Data Depository
System/Project Systems Engineering
Management Project Management
Industrial Construction/Conversion
Facilities and Expansion
Maintenance
FIGURE 3
SHIP WORK BREAKDOWN STRUCTURE

A WBS is a product-oriented family tree composed of
hardware, services, and data. A WBS displays and defines
the product(s) to be developed or produced, relating the
elements of work to each other and to the end product. Figure
3 illustrates a WBS for a Ship System.

The Ship System identified as Level 1 in Figure 3, is
specified in the DoD programming budget system. Level 2
consists of the major elements such as ship, facilities, testing
and evaluation systems, and data. Level 3 elements are
subordinate to level 2 major elements. In preparinga WBS
foraspecific project, asclection of the level 2and 3 elements
from one or more of the summary WBS(s) for the appropri-
ate category should be made. Additional information on
WBS can be found in “Military Standard Work Breakdown
Structures For Defense Material Items MIL-STD-881A”.

STANDARDS

The next step in the process and the crux of the method, is
to develop standards. “Standards provide a means for

guiding the evaluators on how to rate/score factors and
subfactors... A standard defines, describes, or otherwise
provides a basis for consideringa particularaspect of a factor
[6].” Inaddition, standards help cvaluators achieve consis-
tent and impartial results. They may be either quantitative
or qualitative. They are not, however, part of the solicita-
tion.

In a best value contract, minimum points are assigned to the
basis requirements for proposals as set forth in the solicita-
tion. Additional rating points can be assigned to proposals
that exceed minimum requirements in the scoring process.
These points are translated into monetary value. The rating
points can be shown either as a percentage or a series of
ranges that surpass the minimum acceptable level.

Intechnical areas, standards can be quantified as a degree or
percentage of the required threshold or stated goal to be
obtained. Forexample, under the propuision plantsubfactor
shown in Figure 2, the standard would emphasize quantita-
tive parameters such as shaft horse power, plant size,
generators, etc..

The propulsion system subfactor requirement of a solicita-
tion might read as follows:

* The propulsion system shall be diesel electric and
designed to function continuously during a 60 day
at-sea deployment, without sustaining a system
failure that cannot be corrected at sea or which
degrades mission performance.

* The fuel economy shall be calculated on the basis of
a standard thirty day mission, using the distribu-
tion of speed with time given in Figure 200-1.
Performance that exceeds the standard require-
ments identified in Figure 200-1 will be given
award preference.

The standard used to evaluate the factor could be expressed
as follows:

* Does the Offeror provide a propulsion system
capable of operating continuously during a 60 day
deployment at sea?

* Does the propulsion system meet or exceed the
standard fuel and speed requirements shown in
Figure 200-1?

Many standards cannot be quantified easily because of the
reiterative processes involved in ship design. In that case
attributes stated in the form of questions can assist the
evaluators. For example, under the ship assembly subfactor
shown in Figure 2, the solicitation requirement might read:

* The offeror shall describe the engineering effort and
material associated with the construction and test
of the ship as a whole. This subfactor shall
include as a minimum: temporary utilities,
services, fixtures, special production tools,
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drydocking inspection, insurance launching, trials,
and delivery.

The subfactor standards could be, for example,

* Does the offeror present an overall approach which
indicates an understanding of the objectives,
engineering effort, detail design, and construction
of the ship?

* Does the offeror describe how the following materi-
als (if required) relate to the construction ap-
proach: temporary utilities, services, fixtures,
special production tools, drydocking inspection,
insurance launching, trials, and delivery?

Each proposal’s factors/subfactors will be rated against the
requirements in the solicitation. The evaluators review the
factors and subfactors within their technical field and high-
light the strengths, weaknesses, deficiencies, or risks. Stan-
dards are provided to the evaluators to assist them in
accomplishing this task.

Management Factor

The management factor must employ a different set of
questions, duc to the inherently diverse responsibilities of
management. These include a broad range of affairs such as
allocating resources; scheduling work; budgeting; commu-
nicating; and establishing organizational structure, goals,
and the company’s vision-culture. Given such diversity, it
is again necessary to choose evaluationsubfactors that focus
on the specific acquisition.

When evaluating management in the context of best value,
the emphasis should be placed on the organizational struc-
ture and past and present performance. The organization’s
performance should be evaluated to provide an indication of
the company’s culture. This is because culture is difficult to
change, and a company’s past performance is an indication
of how well it will perform in the future. A clearunderstand-
ing of these requirements should be conveyed to the offeror.
This can be summarized by the evaluation factors stated in
the solicitation.

For example, the project management subfactor should
address the company’s organization as well as its system for
technical control. Thus the subfactor should encompass
planning, directing, controlling, developing, an< producing
the entire ship, as well as consideration of logistics, mainte-
nance support, facilities, personnel (manpower), testing,
and activation of the ship. An example of how this might
read within a solicitation is as follows:

* The offeror shall describe how the total construction
program will be managed. This shall include
planning, directing, controlling, developing and
producing of the ship. An organizational chart
shall be provided identifying key personnel,

including their resumes. Additionally, offerors
shall identify subcontractors and describe how
they will interface with the shipyard organization
and include data on logistics, maintenance
support, facilities, personnel (manpower), testing,
and activation of the ship.

As with the other subfactors, the management requirements
are difficult to measure against quantifiabie definitions or
parameters. The standards expressed as a series of questions
to used by the evaluator might be phrased as follows:

* Does the offeror describe the total construction
program functions which include planning,
directing, controlling, development, and produc-
tion of the ship?

* Does the offeror provide an organization chart
depicting the lines of communication and report-
ing structure within the company?

* Does the offeror identify subcontractors and describe
how they will be integrated into the organization?

* Are resumes provided for key personnel?

* Does the offeror describe the logistics, maintenance
support, facilities, personnel (manpower), testing,
and activation of the ship to be accomplished?

The past performance subfactor should emphasize previous
experience concerning systems and vessels of similar com-
plexity. In addition, the subfactor should request that the
offeroridentify any problems that have arisen during execu-
tion of previous contracts. The offeror should discuss
actions taken to resolve the problem(s) and describe how
they would be applied to the proposed contract. This part of
the solicitation might read as follows:

* The offeror shall demonstrate its application of
systemic improvement management practices by
showing how corrective actions taken or being
taken have resolved past and present performance
problems. The offeror should describe how its
systemic improvement management approach
would be employed if similar or related problems
should arise in this program.

The standards for evaluation could be as follows:

* Does the offeror demonstrate the ability to isolate

and trace past and present problems down to their
source? ‘

* Does the offeror clearly describe the procedures
employed and actions taken to resolve the
problem(s)?

* Does the offeror discuss how these procedures will
be implemented in this program?

The following example illustrates the best value method
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ates the price without considering the offeror’s estimated

PRODUCTION cost elements and profit. Aﬁ“‘“““& the FAR, the contract-

S0P STATUS CHART ing officer has the authority to use any or scvenal of the

~o-COMPANY A . COMPANYB _,. PROPOSED

Figure 4 - Production Ship Status Charts

being applied for the past performance subfactor. Two
companies are under contract to the government for similar
products. They are both notified that equipment furnished
by the government (GFE) will be delivered late. Uponbeing
notified, Company “A” immediately commences a system-
atic work-around program, reducing the critical path while
awaiting the late equipment. Company “B” continues
working without change. This results in a work stoppage at
a later date, affecting the program schedule. A comparison
of the two companies’ performance with the negotiated
delivery date are illustrated in Figure 4.

In this example, Company “A” was responsive and took
corrective action at the 12-month period to minimize sched-
ule slippage. Suppose the contract came up for renewal and
only one company could receive the new contract. Company
“A” would receive a higher rating for past performance,
thanks to the systemic improvements used to work around
delayed material.

In addition to the previous methods identified in evaluating
past performance in the context of best value, existing data
shouid also be used to assure thatthe offeror cansuccessfully
accomplish the work. This canbe accomplished by request-
ing comparative data from the offeror,¢ - 'ng Government
data, information from procuringorcorr. . administration
offices, and by conducting on-site surveys to assess risk, if
required.

Cost Factor

The last functional discipline to be considered is the cost
factor, which requires the offeror to provide sufficient data
forthe Government to conduct price and costanalyses. Price
and cost analyses are two techniques that complement one
another. Because both are useful it is important to distin-
guish between the two.

Price analysis is used to determine whethera price is fairand
reasonable. This analysis is most effective when there is
procurement history and competition. This analysis evalu-

following price analyses:

* comparison of proposed prices received in response
to the solicitation.

* comparison of prior proposed prices with current
proposed prices for the same or similar item.

* comparison of selected rough forms of measure-
ment, such as dollars per pound or per horsepower,
to highlight significant inconsistencies that might
warrant additional inquiry.

* comparison with competitive published price lists,
published market prices of commodities, and
similar indexes.

* comparison of proposed prices with independent
Government cost estimates.

To evaluate an offeror’s cost data, each element of the
estimated costs to perform the work must be examined. This
involves analyzing cost accounting data furnished by the
contractor. Additionally, it involves analyzing design fea-
tures, materials, manufacturing processes, organization,
and manning.

The cost analysis should verify the cost data, provide an
understandingof how the offeror proposes to accomplish the
work, and identify the offeror’s costin the proposal. Accord-
ing to the FAR, the contracting officer can use any of the
following cost analyses to accomplish this:

¢ evaluate cost elements to verify cost or price data.

* evaluate the effect of the offeror’s current practices
on future costs; ensuring that inefficient or
uneconomical practices are not projected into the
future.

* compare individual elements cost proposed by the
offeror for: (1) actual costs previously incurred;
(2) previous cost estimates from the offeror or
from other offerors for the same or similar items;
(3) other cost estimates received in response to the
Government’s request; (4) independent Govern-
ment cost estimates; and (5) forecasts or planned
expenditures.

* check the offeror’s cost submissions to ensure they
are in accordance with the contract cost principles
and procedures in Part 31 of the FAR.

In order to accomplish the cost and price analyses, the
solicitation must request the offeror to submit a breakdown
of each price (clement) by ship WBS (Unit Price Analysis
Summary). This includes a completed price breakdown
forms; unit price analysis forms; shipyard overhead data;
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cost groups; construction services; labor costs; project over-
head; subcontract costs; and material costs. The offeror
must also submit a copy of the company’s financial data,
financial information, and other cost data including ac-
counting methods, material quantities, and unit prices and
cost estimating relationships upon which the offer was
made. The objective of the cost and price analyses is to
determine if the prics = fair and reasonable - so that the
Government will receive the “best value”. The Armed
Scrvices Procurement Manual for Contracting Pricing (ASPN
No. 1) provides additional information regarding analysis
and negotiation of contract prices.

The cost price team must coordinate its findings with the
technical team. Current procedures ensure that cost/price
information is not available to the technical/management
(non-price) evaluation team, to avoid influencing its find-
ings. These procedures are a barrier to best value evalua-
tions, which must be done concurrently by both the cost/
price team and non-price team with free flow of information
between them. Unless deficiencies found in the technical
evaluation are made known to the cost/price team, the
validity of the cost evaluation will be adversely affected.

DOCUMENTATION

The technical, management, and cost factors and their
relevant subfactors are included in: (1) Attachment 1 to
Section L of the RFP; (2) Section M of the RFP; and (3)
Source Selection Plan.

Attachment I to Section L provides instructions and condi-
tions, and informs the offeror on how to organize the
proposal (number of volumes and page limits). This section
also describes the type of contract, where copies of docu-
ments can be obtained and how proprietary information
should be marked.

Section M informs the offerors how the Government intends
to evaluate the proposals. The relative order of importance
of the factors is given in this section. Since best value
implies that quality is more important than cost, the cost
factor must never be so overriding that the non-price factors
(i.c. technical and management) are less significant. The
overall importance placed on the cost factor should neverbe
more than or equal to the non-price factors combined. This
leads to problems, however, since the Navy Acquisition
Procedures Supplement (NAVSO P-3670 stock number:
0518LP2049400) states that the cost factor should carry a
weight of not less than 40% unless thoroughly justified. The
best solution at present is to try to keep the cost factor
between 40-49 percent of the total.

The source selection plan (SSP) shall include, as a mini-
mum, the following: a description of the agency’s organiza-
tion structure; a summary of its acquisition strategy; a
statement of the agency’s proposed evaluation factors and

their relative importance; evaluation methodology; and a
schedule of milestones. The evaluation methodology de-
scribes the evaluation process, including the techniques to
be used, the standards, and methods of rating, weighting, and
scoring the factors and their relevant subfactors.

Rating

“Rating methods include quantitative (numerical), semi-
quantitative (red-yellow-green criteria, pass-fail criteria),
qualitative (narrative), or a combination of any of the
preceding. Caution should be used in selecting the rating
methods.” Each method is discussed below with as it
applies to best value.

The objective of the numerical rating method is to provide
a means of discriminating among a number of competing
proposals by rating them against the various subfactors. It
employs a pre-established scale for each specific subfactor.
A specific set of ranges is used by the evaluators for factors
and subfactors susceptible to this method. The rating ranges
should permit the evaluators to make desired distinctions
while keeping the mathematics as simple as possible. Typi-
cal numerical ratings ranges are 0 to 10 in increments of one.
Other ranges or combinations may be used to suit the
acquisition program. The following numerical ratingsarean
example of quantitative technical and management factors
for a best value ship acquisition:

Numerical Rating
Outstanding 10,9
Excellent 8,7
Good 6,5
Acceptable 4,3
Marginal 2,1
Unsatisfactory 0

The semi-quantitative (red-yellow-green criteria, pass-fail
criteria) rating method is used to evaluate a proposal’s
ability to meet minimum requirements. Color criteria
consist of red (poor), yellow (questionable), and green
(satisfactory). Pass-fail criteria and color criteria help
identify hidden costs associated with buying low quality
products. The semi-quantitative rating method is not suit-
able forbest value type contracts, but is more appropriate for
technically acceptable, low-cost contracts. For example,
typical pass-fail criteria used in ship acquisition programs
for quantitative technical and management factors are as
follows:

* Pass - The Offeror’s proposal conforms to the
solicitation and any deficiencies in the proposal
are considered minor.

* Fajl - The Offeror’s proposal does not conform to
the solicitation requirements, omits information
needed to determine whether the proposal meets
solicitation requirements, or contains information
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that is erroneous or contradictory to the require-
ments of the proposal and cannot be made accept-
able without significantly changing the proposal.

Namative ratings utilize adjectives to rate subfactors. Each
adjective provides a means of comparing a proposal to an
established standard. The narrative evaluation should high-
light strengths, weaknesses, deficiencies, and risks associ-
ated with each factor. The adjectives used should cover the
complete rating spread, from the lowest (unacceptable) to
the highest possible rating (outstanding). Each adjective
should be fully defined. The following adjective ratings are
typical of those used in best value ship acquisition programs
for qualitative technical and management factors:

* QOutstanding - the proposal factor exceeds the
requirements of the RFP and provides strong
assurance that the offeror will successfully
accomplish the work. The offeror has demon-
strated an understanding of the RFP’s requirement,
which when implemented should accomplish the
task in an effective and economical manner. A
rating of ‘outstanding’ means this proposal
contains exceptional strengths, and features or
innovations which would enhance the shipbuilding
program or otherwise be of benefit to the Navy.
There are no evident weaknesses of any nature
present.

* Excellent - the proposal factor meets the require-
ments of the RFP. The offeror is responsive and
provides assurance the offeror will successfully
accomplish the work. Any weakness is of a minor
nature which poses little risk of adversely affect-
ing the offeror’s performance. A rating of
‘excellent’ is used when there are no significant
exceptional strengths, features or innovations
which would enhance the shipbuilding program or
otherwise be of benefit to the Navy.

* Good - the proposal factor is adequately responsive
with minor deficiencies but no major deficiencies
noted. The proposal factor meets the requirements
of the solicitation. In terms of the proposal factor,
the offeror is likely to satisfactorily complete the
assigned tasks despite weaknesses in the proposal.
The level of risk is low to moderate.

* Marginal - the proposal meets the intent of the
requirements of the RFP but presents a shallow or
in sufficiently detailed approach. The proposal
contains weaknesses in several areas that are not
offset by strengths in other areas. In terms of the
specific factor, the offeror might complete the
assigned tasks but the risk is moderate to high.
The combination of major and minor weaknesses
makes it doubtful the offeror will perform as
proposed.

* Upacceptable - the proposal does not meet the
requirements of the RFP or does not address the
specific factor. The offeror’s interpretation of the
government’s requirements is incomplete, vague,
incomprehensible, or incorrect. The assignment of
a rating of ‘unacceptable’ indicates that mandatory
corrective action would be required to prevent
major weaknesses from affecting the overall
program. There are no significant major or minor
strengths, and many significant major and minor
weaknesses.

A method combiningthe numerical rating approach withthe
narrative rating approach is considered best when both
quantitative and qualitative technical and management fac-
tors are present in a best value contract. This method
requires the evaluator to first provide a narrative description
of each proposal, subfactor by subfactor. The use of work
sheets will allow evaluators to describe the attributes and
deficiencies of the proposal. “Evaluators should complete
narrative descriptions prior to assigning a rating to a factor/
subfactor so that the rating will reflect the evaluator’s
findings, rather than having the narrative justify the as-
signed rating {8].”

Weighting

Weighting numerical and adjective ratings makes it easy to
see the relative value of each factor. The Source Selection
Authority (SSA) assigns an overall weight to each factor.
There are two separate and distinct weights assigned. One
weight reflects the relationship of each factor to the total
evaluationand is normallyshown as a percentage. The other
weight describes the relationship of each non-price subfactor
to its overall factor and is normally shown as points.
Weightings for either numerical or adjective ratings are
developed and assigned by the SSA, as part of their review
and approval of the SSP. Section M of the solicitation
indicates to the offerors’ the relative importance of each
factor but does not reveal the specific weights assigned.

To illustrate the interplay of weights and numerical ratings
for non-price factors, assume that the non-price factors (i.c.
technical & management) are worth 60%, and the cost factor
is worth 40% of the total evaluation. Within the non-price
factors, the SSA has determined that the technical factor
should be worth 70 points and management factor worth 30
points. For this example, three offeror’s non-price factors
are assigned points, totaling 100, and distributed as shown
in Figure 5. The technical evaluation team has assigned
numerical ratings to the non-price factors based on ranges
from O (unsatisfactory) to 10 (outstanding).

As this example shows, both Offeror A & B obtained similar
ratings of 5 & 10 respectively. However, Offeror A’s
weighted score was 200 points higher than Offeror B’s score
because they obtained a rating of 10 in technical which was
weighted more than the management factor. The impor-
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Best Value Contracting

Offeror Factor Weight Rating Score

A Tecbnical 70 X 10 700

Management 30 X 5 150

Business (10)

Schedule (10)

Resources(10)

Total 100 850
B Technical 70 X 5 350

Management 30 X 10 300

Business (10)

Schedule (10)

Resources(10)

Total 100 650
C  Technical 70 X 4 280

Management 30 X 5 150

Business (10)

Schedule (10)

Resources(10)

Total 100 430

FIGURE §
INTERPLAY OF WEIGHTS
WITH NUMERICAL RATINGS

tance placed on the technical factor in this example is not
typical for a ship acquisition solicitation, but is used to
emphasize the importance weighting can have on an evalu-
ation.

The interplay of weights and adjective ratings for non-price
factors is not easy to visvalize. The final overall adjective
rating is obtained through reasoned judgement, based upon
anoptimum balance of risk, so that the relative acceptability
of each is readily apparent. To illustrate the interplay of
weights and adjective ratings, assume again that the same
non-price factors shown above are rated using adjective
ratings. The technical factor weight is 70 points and the
management weight is 30 points, as shown in Figure 6.

The weight is not used as a multiplier, but rather to indicate
the relative importance of each factor. No cook book
answers or solutions are available for guidance on how one
might assign the final rating. The SSA must use judgement
and assign an overall adjective rating based upon strengths,
deficiencies, weaknesses and risks of the offerors proposal.
As evident, weighting of adjective ratings gives the SSA
much more flexibility in determining the offerors overall
rating than if numerical ratings were used, and therefore are
preferred.

Technical, management, and cost factors can be scored by
any rational and Jogical method, so long as they meet the
tests of reasonableness and impartiality. It is as difficult to
translate cost data into a scoreable numerical representation
as itis to translate technical and management data into cost.
Since best value implies the Government is willing to pay a
premium in the technical category, one must calculate the
monetary value of the technical worth. One method of
calculating the monetary value of the technical worth is
provided in the following example.

The SSA decides to consider only those offerors found
acceptableintechnical/management factors (otherwise know

Weight  Fact ti
Otferor - Factor Weight - Faclor Rating as the competitive range). The numerical score for an
A Technical 70 Outstanding acceptable to outstanding rating fall between 3 and 10 as
Management 30 Good discussed earlier in this paper. As our previous examples
Business (10) shows, all three offerors were found acceptable and should
Schedule (10) be scored. If the technical and management factors com-
Resources(10) bined an worth 60% and the cost factor is worth 40% of the
Final Rating EXCELLENT total evaluation the monetary value of each offerors pro-
. posal can now be calculated. Figure 7 lists each offeror and
B Technical 70 Acceptab.le its evaluated cost and technical score.
Management 30 Outstanding
Business (10)
Schedule (10)
Resources(10) Govermments Evaluvated Weighted
Final Rating GOOD Dfferors  Cost and Proposed Fee ~ Technical Score
C Technical 70 Acceptable A $6,846,970 850
Management 30 Good B $5,550,706 650
Business (10) C $4,799,445 430
Schedule (10
Resou‘rlces((lo)) Difference between High/Low score: 420
Final rating ACCEPTABLE FIGURE"7
FIGURE 6 SCORING BEST VALUE CONTRACTS
INTERPLAY OF WEIGHTS
WITH ADJECTIVE RATINGS
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The monetary value which the Government is willing to pay
is calculated by:

(1)Dividing the weight for the non-price factors (60%
or 60), by the total available numerical scores in
the competitive range (3 - 10 = 7 points) as shown
below:

60 percent / 7 points = 8.57 percent/points

(2) Multiply the solution (8.57 percent/points) by the
difference between lowest weighted technically
acceptable score and the highest weighted techni-
cal score (850 - 430 = 420 points) and dividing by
100, as shown below:

8.57 percent/points X 420 points / 100 = 35.994
percent or (1.35994)

(3) Muitiply this percentage (1.35994) by the lowest
evaluated technically acceptable cost & fee (i.e.
Offeror C = 4,799,445) as shown below:

$4,799,455 X 1.35994 = $6,526,971

This is the calculated monetary value the government is
willing to pay. An award would than be made to offeror B,
because B’s evaluated cost is lower than the amount the
Government is willing to pay. Although offerors A had the
highest technical score, they exceeded the amount the
government was willing to pay and therefore were out of the
running.

If adjective ratings are used, they must be converted to a
numerical score, and the same procedures identified above
would applied. It is essential that the evaluation team take
advantage of the full range of adjective ratings so that the
variations among proposals are readily apparent.

CONCLUSION

In conclusion, when evaluating proposals according to the
conceptof best value, the method that combines a numerical
rating approach with a narrative rating approach is consid-
ered best when both quantitative and qualitative technical
and management factors are present.

The best value concept is applied differently to each ship
acquisition program. Various methods are used to inform
the shipbuilders of the Government’s requirements. If the
Navy uses a specification to identify standard ship require-

ments, the technical factor would be emphasized during the

evaluation process.

On the other hand, if the offeror is to prepare the ship
specification, as required when using a Circular of Require-
ments (COR), the management factor would be emphasized
during the evaluation process. This is because the Govern-
ment is more concerned with how the shipbuilder will

manage and control the program versus the ship character-
istics provided the shipbuilder’s specifications meet the
design parameters established by the requirements.

The cost/price team and technical/management team must
bave a free flow of information between them to fully
implement the best value concept into ship acquisition
programs, otherwise the validity of the cost evaluation will
be adversely affected.

The weight placed on the cost factor should never be more
than or equal to the combined non-price factors. If the cost
equal orexceeds the combined non-price factors weight, the
final decision to award the contract would be determined by
the offeror submitting a technically acceptable low cost

proposal.

SUMMARY

Best value can be summarized as a means of achieving the
greatest benefit to the government by considering such
factors as price, quality, design, performance, management
and technical capabilities, and life-cycle costs associated
with the product. This paper discussed methods for estab-
lishing evaluation factors which are the basis for determin-
ing benefits, evaluating the benefits with standards, and
determining the monetary value of the benefits by weighting
theirimportance and scoring their worth. Evaluation factors
are presented in three generally accepted functional disci-
plines; technical, management, and cost. Sub-tierfactors for
these functional disciplines are developed through the project
summary work breakdownstructure (WBS), tailored to each
specific acquisition. Quantitative and qualitative standards
are developed for each subfactor assisting the evaluator in
making judgements as to their relative worth. If properly
executed, the best value concept will enable the Navy to
improve ships while reducing operating costs.
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Abstract

The Model to Analysis Protocols (MAPs) Project was
initiated to link “Product Model” (both non-graphic and
graphic) information to analysis programs in a consistent
manner, and to prepare for the implementation of the
CAD 2 systems. There are over 50 distinct analysis areas
in NAVSEA (such as hydrodynamic analysis, noise analy-
sis, electromagnetic analysis, etc.) . The MAPs projectis
looking at the specific data elements needed to support
each analysis area, and the relationships between data
elements. By using Computer-Aided Software Engineer-
ing (CASE) tools, the data clements are modeled and can
be transiated into a relational database. When modeling
each area, the common data elements between analysis
areas are identifled. These elements can be created on a
distributed database implemented on CAD 2 worksta-
tions throughout NAVSEA. This distributed database
will eliminate redundant data and zllow concurrent
engineering in the design process to become a reality.

Definitions

Analysis  An examination of a complex (i.c. system),
its elements, and their relations [2]. Analy-

sis is performed on a model.

CAD2 Computer Aided Design 2, a requirements
contract for CAD systems (bardware and
software) awarded to Intergraph in April
1991.

CAE Computer Aided Engincering.

CAEDOS Computer Aided Engincering and Documen-

tation System, a.k.a. CAD 1, a contract for
CAD systems awarded to Computervision in
1984.

CASDAC Computer-Aided Ship Design and Construc-
tion, the precursor to the CSD Project.
CASE Computer Aided Software Engineering.
Computer System
Consists of both the computer hardware and
the software necessary for operation
Computer Supported Design; also the CSD
Project, an ongoing project to develop and
integrate computer tools to support ship
design, managed by SEA 507.
Initial Graphics Exchange Standard.
A type or design of a product [1]. A
Product Model is the graphic and non-
graphical data nccessary to build the
product.
Either a computer program that creates data
for later analysis or a person who uses such
& program.
Nijssen’s Information Analysis Method.
Navy-Industry Digital Data Exchange
Standards Committee
Product Data Exchange Standard (or more
recently, Product Data Exchange using
STEP, STEP standing for Standard for the
Exchange of Product Model Data)
A set of conventions governing the tret-
ment and especially the formatting of data
in an electronic communications system [3].

CsDh

IGES
Model

Modeler

NIAM
NIDDESC

PDES

INTRODUCTION

The Model to Analysis Protocols (MAPs) project was initi-
ated to help integrate analysis and modeling tools. A
standard protocol between the analysis tool and the modeler
is defined by way of an information model. This protocol
requires the modeler to define data needed by the analysis
program (model requirements) and defines the format and
access methods of the data. Currently there are several
modeling programs supporting several bundred analysis
programs at NAVSEA. How did this plethora of model and
analysis tools come about?

HISTORY

Computing bas been improving at the annual rate of some 25
percent for at least the past two decades [4]. Hardware costs
have been dropping while computing power has increased.
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However, software functionality has increased at a slower
pace, and the cost and complexity of software has increased
considerably. Inordertodevelopand analyze the many data
elements that comprise a ship design, computers are a
necessity [S].

islands of Automation

As computertechnology matured, NAVSEA engineers were
quick to automate the analysis of their designs. A formal
project, CASDAC (and latersuperseded by the CSD Project)
was formed to aid the development of analysis programs.
Except in a few areas, each analysis area has grown up
separately, with little data exchange or common analysis
capability used. This has resulted in islands of automation.

As analysis programs became more complex, the data input
volume and complexity increased. Specialized modeling
programs were developed to provide input for these analysis
programs. One example of a specializucd modeler/analysis
program is the Topside Design Model (TDM), a computer
system to aid in the development of a ship topside. In order
to easily perform the analysis, simple 3-D prismatic shapes
(variants of cubes and cylinders) are used to model the
topside. Once defined, several types of topside analysis can
be performed - weapon/radar line of site, radar range, and
many others. The analysis modules of TDM are tied to these
data elements - the addition of a sloped side prism such as
is needed fora DDG 51 type superstructure would require a
major rewrite of TDM. Defining the topside model using

Analysis
Functions

TDM is time consuming and error prone. Some of TDM’s
capabilities have been superseded by the Blockage Assess-
ment Model (BAM), which uses flat plates to model the ship,
overcoming the sloped side limitation of TDM.

Other examples of modeler/analysis programs used for ship
design include the General Arrangement Design System
(GADS), The Hull Form Design System (HFDS) and
specialized modeler/analysis programs for Radar Cross
Section (RCS) analysis. Each of these systems requires or
defines information about the ship design.

There are over 50 design disciplines at NAVSEA (e.g. Hull
Form, Stability, Arrangements, Structures, Electromagnetic
Engineering, RMA, Noise, HVAC, etc.) with several sup-
portinganalysis programs foreachdiscipline. Each analysis
may require information fromseveral sources. Forexample,
a radar range analysis will need the radar height above the
walterline and frequency, whereas a survivability analysis
would require information on hull geometry, materials,
structure, arrangements and systems. This is shown graphi-
cally in Figure 1.

In addition, the type of analysis performed can dictate the
form of the model. For example, hull resistance analysis
requires a smooth surface representation of the hull whereas
structural analysis requires a FEM (Finite Element Model)
representation of the hull. These different ‘levels of defini-
tion’ must be supported by MAPs and the CAD 2 system.

Most analysis programs are not only tied to a specific model

" ' 7/ Model-Analysis

pd

L4 pd 4

— — Protocols (MAPs)

Distributed

(Feeds
Ship NIDDESC
Design Transfers
Database to Builders)
Modeling
Funclions
Drawing
Functions
FIGURE 1 - Design Digital Data Flow
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format and definition, but most modeler and analysis
programs are also tied to specific computer architecture.
Although most of the analysis programs at NAVSEA are
written in FORTRAN, many use machine specific instruc-
tions and specialized graphic routines for the 3-D geom-
etry. This makes the analysis programs difficult to port
(transfer or rewrite) to different computer architectures,
such as the CAD 2 system. NAVSEA 507 has produced a
specification for software design that would make it easier
to develop and port analysis software [7]. Unfortunately,
many analysis programs are developed without this speci-
fication.

These islands of automationstill exist today. Itis hoped that
by defining the data content and format and providing a
common modeler bv way of the CAD 2 system will help
consolidate the product model data.

Linking of Modeling Programs

It became evident that the modeling programs were defin-
ing similar data, only in a different format. This was an
obvious duplication of effort. Also, configuration control
of the ship design was difficult to maintain, as a change to
the design had to be duplicated ineach model. The majority
of the time spent in design was modeling the data for the
analysis, with the actual running of the analysis taking a
fraction of the total time. Transferring data between
modeling programs would reduce the duplication of effort
and help maintain configuration control. Bridges between
these ‘islands of automation’ were implemented by way of
translators. Translators between modeling programs used
both standard formats and neutral ad hoc formats, de-
scribed further below.

Standard data format translators

One method of data transfer between modeling programs
is by a formal standard such as IGES (Initial Graphics
Exchange Standard) or by a de-facto standard such as DXF
(digital exchange file) popularized by the makers of
AUTQCAD. The SEAWOLF project used IGES success-
fully to transfer data between Newport News and General
Dynamics Electric Boat Division [7]. However, the data
was primarily graphical information. This type of informa-
tion has little analysis usefulness without adding additional
non-graphic information. In order to pass non-graphic
information, IGES has been extended for some special
analysis needs [8]. IGES data files tend to be large,
sometimes 5 to 20times the size ofthe native (original) data
format. Translators based on IGES are difficult to imple-
ment due to the number of entities supported and ambigu-
ities in the IGES specification. Also, many data types are
notsupported in the current revision of IGES. This results
in a loss of some information when data is translated from
one computer system to another.

To get around IGES’ limitations, many translator

implementors have resorted to ‘flavoring’ IGES, that is, using
certain IGES entities to define special purpose elemeats. An
example of ‘flavored” IGES translation between NAVSEA
modeling programs is the GADS to BAM link, and a GADS
to CV link preserving GADS compartment grouping and
naming. [GES flavoring is inherently non-portable, as a third
party translator would have no idea what the special purpose
element meant.

The Product Data Exchange Standard, or PDES, is under
development, and is designed to transfer non-graphic as well
as graphic information. NIDDESC is leading the develop-
ment of a PDES specification for ship product model data.
However, translators implementing PDES are years away
from becoming a reality.

Neutral files

A neutral file in the computer sense is an ad hoc data format
that contains information to be transferred usually between
two differing data formats. Usually the file is formatted as an
ASCII flat file, in which the data elements are represented by
records (or lines) and fields in a text file. The advantages are
that the file is easily readable and editable by any text editor,
making testing easier.

The neutral file can contain both graphical and non-graphical
information, as it is tailored to the application. The files are
usually much smaller than a standard format representation.
Anexample of a large scale neutral file application is the data
transferof DDG 51 product model information between Bath
and Ingalls. In this case, part instance information (the
locationand orientation of a part) was transferred betweenthe
two companies. The actual part was not transferred - it was
assumed that an equal part existed on both companies’
computer systems. A simple cross reference was used to
match parts. This greatly reduced the amount of data to be
transferred [9].

Many links between the NAVSEA analysis ‘islands of auto-
mation’ have been created over the years using neutral files.
Some of them include:

* Geometry and payload data transfer from ASSET
(Advanced Surface Ship Evaluation Tool) to TDM

* System configuration from Computervision to TIGER
(an analysis program that does reliability, maintain-
ability and availability (RMA) analysis program)

Disadvantages

Inalmostall cases, the transfers were one-way. In many cases
the translators were quickly put together to support a certain
design project, and then left unsupported. The modeling
programs themselves were evolving and as their internal data
formats changed, the translators would also need to be
updated. By their very nature, an ad hoc ncutral file is special
purpose, and using it’s format to transfer data to another
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modeler is impractical. Also, the neutral file may lack a
formal definition, which makes writing a new translator for
another modeler difficult.

Other disadvantages of using either standard or neutral data
exchange formats are:

¢ The translators are tied to individual revisions of
data format. If the internal data formats changed
in either modeler or the translator file format
changed, the translators would have to be updated.

* The transfer data file must be tracked and configura-
tion controlled.

* The translators take time to operate. The transfer
process adds a time lag to the design process.

The translator creates a dependency between the two mod-
eling programs. If anengineer wanted to analyze a different
configuration, he would have to ask the upstream engineer
to model the new configuration and then transfer it. This
reduces the number of design iterations possible. For this
reason the downstream engineerusually retains his capabil-
ity to do his own modeling, passing changes back manually.

Previous / Current Attempts at Data
Consolidation

One obvious solution would be to integrate all aualysis
programs modeling needs into one modeler, preferably on
one computer system. This has been attempted in the past,
and has been successfully implemented for a narrow set of
analysis programs. For example, the Electromagnetic En-
gineering Program specifies a common modeler with links
to several analysis programs and inputs from other data
sources [10].

A large scale project called the Integrated Data Base (IDB)
was attempted in the early 1980°s [11]. The IDB’s scope
included all of the analysis performed during ship design.
Many analysis data elements were defined in the project,
and sample databases were created. However, a common
modeler to manipulate the data did notexistand the database
technology at the time was not capable of supporting the
complexity of the data. Also, the techniques of defining the
data elements were not well developed. As a result, most of
the effort to define the data elements and their relationships
were lost. However, many of the lessons learned were used
as requirements in the CAD 2 specification.

CAD 2 Solution?

The early CAD 2 specification was certainly meant to be all
things to all people. However, many of the analysis require-
ments were not commercially available. The specification
was trimmed down to those model and analysis require-
ments that were currently available. Nevertheless, the end
result was a specification that challenged the computer

industry and resulted in a useful computer system.

The Intergraph systems procured under the CAD 2 contract
have very powerful graphical modeling programs capable of
modeling the complex solids and surfaces of a ship. The
systems can be equipped with several integrated analysis
programs in the areas of structural, HVAC, piping, and
electrical analysis. The systems are highly tailorable, allow-
ing easy integration of custom analysis programs and mod-
cling techniques. The systems also come with a distributed
relational database capability with links from graphical
elements to the relational database.

However, the analysis requirements cut from the original
specification are still required to design a ship. No specific
‘ship design software’ is included on the CAD 2 contract. It
is estimated that less than 25 percent of the analysis capabil-
ity needed to create a ship design is currently integrated on
the CAD 2 system.

Objective

The initial objective of the MAPs project was threefold:

1. Provide a standard procedure for integrating model
data with analysis programs.

2. Allow for new analysis programs and modeling
programs (i.e. CAD 2) to be easily integrated into
the computer system.

3. Provide a standard format for model information to
allow digital data transfer to detail design agents.

To achieve the objective, an extensive analysis of current
and future modeling and analysis requirements is being
performed. The result of this effort will be modeling
requirements for the product model (what needs to be in the
model in order to support the analysis) and the interface
definition for the analysis programs (where is the data and
how does the analysis program get it). This defines the
protocols for each particular analysis area.

Scope

The scope of the MAPs project includes all ship definition
data and analysis from concept through contract design. It
is intended that some contract design data will then be
available in digital form to prospective design agents. How-
ever, some data defined by MAPs may not be transferred,
specifically those data elements pertaining to analysis load-
ing (inputs) and analysis results. For example, a specific
pump’s location, orientation, and flow rate may be trans-
ferred, but the analysis inputs and results specifying the
exact flow rate of the pump in the overall system are not.
Another example: the contract design weight report (the
weight analysis result) generated by NAVSEA is not given
tothe detailed design agent butis used as a comparison to the
detailed design weight report produced by the design agent.

Ay
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Analysis loading and results must be stored to allow
redesign at a later date.

When the MAPs project began in April of 1990, the CAD 2
contract was not yet awarded. The CAD 2 specification
identified several modeling and analysis requirements, but
exactly how these requirements would be fulfilled by the
contract award winner was unknown . The MAPs project
concentrated on defining data needs and data formats for a
given analysis area, but an actual implementation of the
analysis area would have to wait for the CAD 2 systems to
arrive. Over 160 CAD 2 systems are scheduled to arrive this
fiscal year, and several analysis areas previously MAPped
will be implemented on the CAD 2 system by the end of FY
92.

MAPs is also participating with NIDDESC (Navy/Industry
Digital Data Exchange Standards Committee) to allow
contract design data to be passed to the shipbuilders and to
allow detail design and logistics data to be fed back into
design. Moreover, in order for NIDDESC to be completely
successful in transferring contract design data, that data
must first be formally defined. Some members of the MAPs
team are also part of NIDDESC, and MAPs has borrowed
some data models developed by NIDDESC as starting
points. Further information on the NIDDESC efforts can be
obtained by contacting SEA 507.

Overall Goal

The overall goal of the MAPs project is to allow develop-
ment of product model information in distributed databases
in which data is created by the cognizant design code and is
used by many other design codes, thereby eliminating
unnecessary work and errors associated with redundant data.

PROCESS

The process used in the MAPs project is based on Informa-
tion Engineering (IE) principles. A good definition of IE is
as follows:

Information Engineering consists of:

1. Planning, which is used to define the resources
(data, application, technology, personnel) needed
to support the business

2. Data modeling, a technique used to establish the
data requirements of a new systems request [also
used to determine the data requirements of an
existing system]

3. Process modeling, a technique used to define the
logic needed to add, delete, modify, and retrieve
data defined in the data model

4. Enterprise modeling, a technique for building
models of all data within the organization [12]

The planning part of the above definition is the primary
responsibility of SEA 507 (Computer Aided Engincering
(CAE) Division) in support of ship design and engineering,
with support from SEA 05K (Enginecring Data Support
Office) and SEA 041 (Information Technology Office).
These planning efforts are ongoing, and further described in
the Technical Support Plan [13] and the NAVSEA Informa-
tion Resources Strategic Plan [14].

Major analysis areas were identified using the Standard
Statements of Work (SSOW) Work Breakdown Structure
(WBS) [15]. The selection of each analysis area was based
on the ship design process and the availability of Navy
TPOCs with the knowledge of each analysis area. The initial
priorities are shown in Table 1. Priorities changed as the
project continued and the SSOW are continually being
revised.

Table 1
SSOW WRBS Analysis/Design Areas w
Al Design Management 3
B1 Design Integration 3
B2 Computer Applications 3
B6 Master Equipment List 3
B7 Reliability, Maintainability,
and Avaijlability 2
C1 Ship Arrangements 2
C2 Weight Engineering 1
C3 Hull Form and Hydrodynamics 2
Cc4 Stability 2
Cs Ship Protection 3
C6 Noise and Vibration 3
c7 Damage Control 3
C11 Structures 2
Di Propulsion Systems 3
D2 Machinery Arrangements 3
D3 Industrial Facilities 3
D4 HVAC 2
DS Fluids 3
D7 Electrical 2
D12 Replenishment Systems 3
El Combat System Integration 2
ES Combat System Block Diagrams 3
E6 Combat System Space
Arrangement 1
El1 Electromagnetic Compatibility
Analysis 3
S1 Ship Specification and CDRLS 2
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The MAPs project limited its efforts to defining the data
needs of each analysis area and the data passed to and from
that analysis area. It is important to note that the whole
analysis area was considered, not just that analysis that was
supported by a given computer program. This will help to
define those design areas that could be automated, thus
improving the design process. The project followed these
steps for each analysis area:

Information Model - determine data requirements,
data products and shared data elements

Database Definition - define the data format and
access to each data element

Process Implementation - create the specific applica-
tion using a specific software and hardware
solution

Since the implementation of the analysis program is depen-
dent on a suitable computer system, the implementation is
being postponed until sufficient numbers of CAD 2 plat-
forms are available. Several MAPped areas are now being
implemented on the CAD 2 platform this fiscal year.

Recently there has been a lot of discussion concerning
process improvement. There have been several attempts to
model the ship design process, with little success [16]. To

gain a general insight of data flow through an analysis area,
a process overview was generated using the IDEFO [17]
methodology. An example of an IDEFOdiagram is shown in
Figure2. The processes indentified ona IDEFOdiagramcan
be implemented by hand or with the aid of a computer
system. An actual implementation of the analysis (realizing
the analysis using a computer system) is dependent on the
computer system used. Regardless of the process used to
generate the data in the ship product model, that data must
be defined. Moreover, by defining the data content by way
of an information model of an analysis area makes it easy to
implement the analysis process.

Information Model

The data content defined for an area is known as an informa-
tion model. The main purpose of an information model is to
document an understanding of all the data requirements so
as to permit unambiguous communication. Another purpose
is to organize local facts into a global network showing how
they are all related.

Using NIAM

NIAM (Nijssen’s Information Analysis Method) is a data
modeling method [18]. In defining the data needs for an

ct
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analysis ares, NIAM is used to describe all aspects of data
necds and their relationships with other data. By the use of
NIAM, the data requirements of the analysis area are
modeled and integrated with an overall conceptual informa-
tion model comprising all of the other areas previously
modeled. This information model identifies the required
information and its interrelationships in order to performthe
analysis. An example of a NLAM diagram is shown in Figure
3.

Another data modeling method is IDEF1X [19]. Although
both can be used to model data elements and their relation-
ships, NLAM is more expressive and allows the modeling of
higher level relationships and constraints among data ele-
ments. CASE tools supporting NIAM can generate an
IDEF1X model if necessary, but additional information
must be added to an IDEF1X model to convert it to a NJAM
representation. Two NIAM CASE tools are being used for
the MAPs Project: PC-IAST [20] (PC-based)and RIDL[21]
(Unix workstation based).

The information model developed using NIAM is a lasting
record of the data requirements of the analysis area. This
information model is independant of any particular com-
putersystem context or form. With a little training, a NIAM
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diagram representing the information model can be readily
understood [22].

Iintegration of information Modeis

After an area has been MAPped, the resultant information
model can be integrated with previous information models
to obtain an overall model, known as a conceptual schema.
When MAPping (information modeling) each analysis area,
the common data elements can easily be defined. For
example, hydrodynamics and stability share common infor-
mation about a ship hull. Ownership of different data
elements (who creates the data elements) can easily be
identified.

Some surprising facts were discovered in MAPping certain
areas. For example, the seemingly unrelated analysis areas
of HVAC and Noise were found to need similar data in order
to perform their analysis. HVAC needs to know the area
between two compartments and the insulation of the com-
mon wall to determine the heat transfer between the com-
partments. Noise also needs to know the area between the
compartments and the noise insulation of the common wall
to determine the noise transferred. The development of this
common wall area data is the most time consuming effort of

-
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FIGURE 3 - EXAMPLE NIAM DIAGRAM
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the analysis, so muchso that the analysis is rarely completed
in time to affect the design. Consolidating and perhaps
automating this effort would result in a better and more
timely design.

Define Data Format

After the information model has been verified for consis-
tency using the CASE tool, an actual database can be
generated. The output of the NIAM analysis can be the
actual statements necessary to define a relational database
using a commercial RDBMS (Relational DataBase Man-
agement System). The advantages of using a RDBMS to
store the data are numerous. The data can be readily entered,
modified, and queried. Standard reports can be generated.
The data can easily be extracted to feed an analysis program.
Data can be shared among different analysis areas. Each
CAD 2 workstation comes with an RDBMS and networking
tools to share data amongst other workstations. Storing data
in just one area ensures that data is not duplicated.

The weights’ analysis area was the first area to be MAPped.
The current analysis program, SDWE (Ship Design Weight
Estimating) uses a text file that stores weight items of a
current ship design. SDWE reads this file and generates
several weight reports about the current ship design.

Using NIAM, a relational database was formed by modeling
the same information inthe SDWE file. The required weight
reports were generated using the RDBMS reporting tools,
completely replacing the SDWE program, which was writ-
tenin FORTRAN. The weight data was also easier to input
and modify using the RDBMS than by editing a text file.
Many other reports and ad hoc queries on the data are
possible now that the weight data resides ina RDBMS.

However, notall data can be readily stored and manipulated
by an RDBMS, as in the weights analysis. Graphical data is
stored in a different format to allow speedicr access. Analy-
sis programs may store their data in a special file to allow
faster execution time. Therefore the data identified by
MAPs may eventually reside in a RDBMS, a graphical
database or in some specific file format for a given analysis
program. Fortunately, the CAD 2 platform has a strong link
between the graphical database and the RDBMS. For
example, the graphical representation of a pump can reside
in the graphical database, whereas non-graphical informa-
tion about that pump such as flow rate, weight, and electrical
load canbe stored in the RDBMS. The pump’s graphical and
non-graphical attributes can be queried by the designer at
any time.

The data for a particular design is envisioned to be distrib-
uted inseveral databases around NAVSEA. Forexample, if
the topside designer required the current bhullform of a
design, he would access the hullform database and receive
the current version. These separate databases are shown

Morgan
graphically in Figure 1, with MAPs defining the format and
location of the data.

Security and configuration control are inherent in the CAD
2 platform. However, security requirements will require a
separate duplicate database at a secure design site for some

designs.
Implement Process

Using the data content and format defined using the above
steps the analysis process can then be implemented. As
described above, weights was the first analysis area mod-
eled. The process of weight analysis was easily imple-
mented using a commercial database. Other analysis areas,
such as hydrodynamics or electromagnetic engineering use
proprietary or complex analysis programs that cannot use a
RDBMS directly or use the graphic data as defined by the
CAD 2 system. Some integrated analysis programs such as
piping fluid flow and structural finite element modeling and
analysis (FEM/FEA) are included on the CAD 2 contract.
This integrated analysis capability, along with other third
party commercial analysis programs will be used to the
greatest extent possible, but the need for specialized Navy-
only analysis programs will continue. There are basically
three approaches to integrating these specialized analysis
programs into the overall design system:

1. Manual - Enter the data generated on the CAD 2
system to the analysis program manually. This is
acceptable if the amount of the data entered is
small and few design iterations are expected.

2. Via Translator - Write or use an existing translator
to transfer data to the analysis program. This is
acceptable if there are few design iterations and
the data transfer is as complete as possible. The
analysis program does not need to be modified in
this case.

3. Direct - Rewrite the analysis program to access the
data directly. This is essentially what was done
for the weights implementation and for several of
the integrated analysis capabilities of the CAD 2
system. An integrated analysis capability allows
many design iterations to be performed, thus
improving the design.

Obviously the technically preferred approach would be to
directly integrate the analysis capability into the CAD 2
system. However, it may prove costly to convert the analysis
program. Also, by havingthe analysis programuse the CAD
2 data directly ties the program to that computer architec-
ture. Many Navyspecific analysis programs are used widely
throughout the design community, and not everyone will
have or be able to afford a CAD 2 system. For this reason,
it may be more economical to support the analysis program
via translator or manually. Each analysis area will be
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evaluated individually as to the best method of implement-
ing the analysis capability.

Team

The MAPs team consists of several contractor information
specialists and Navy subject matter experts. A Navy TPOC
is identified as the subject matter expert for each analysis
area. Training in information modeling using NIAM was
given to the team and several prospective Navy TPOCs.

The MAPs team is concerned with what data is used in the
analysis, not how it is analyzed. Nevertheless, the MAPs
team encountered some resistance in attempting to MAP
certain areas. It would have helped to bave some of the
MAPs team to be Navy personnel, but no Navy personnel
with the appropriate expertise were available.

The MAPs team, (or, as they prefer to be called, cartogra-
phers) has formed into a very cohesive unit. They have
obtained an extremely valuable knowledge of the data
clements used in a ship design. The Navy TPOCs have also
benefited from MAPping their analysis areas, thereby gain-
inga greater understanding of the data elements in theirarea
and how their data interacts will other analysis areas.

PROCESS IMPROVEMENT

The implementation of ongoingprocess improvementshould
be the goal of every organization [23]. Improvement is
change for the better. And change, for whatever reason,
means uncertainty and fear. The introduction of the CAD 2
systems into NAVSEA is filled with many uncertainties.
Getting the engineers involved in the implementation and
utilization of these computer tools is the key to successful
implementation.

Inorderto most effectively integrate the CAD 2systems into
the ship design process, SEA 05 has initiated the Design
System Development Project {24]. This project has an
organization of members similar to an actual ship design,
with a Ship Design Manager, Task Group Managers and
Task Leaders. Approximately 90 percent of the emphasis
will be on design process improvement using CAD 2 vice
design data development. The Design System Develop-
ment Project will use the information models developed by
the MAPs project as a starting point.

CONCLUSION

The MAPs project has accomplished many of its original
goals. Several analysis areas are being implemented on the
CAD 2 system with the help of the MAPs groundwork. We
now have a better understanding of the overall data require-
ments for the ship product model.

Any future analysis requirements can casily be integrated
into the existing information models. Because the data
cxists in a format that can be easily queried, many types of
analysis that were previously impossible or inconceivable
are now feasible.

The implementation of the various analysis programs inte-
grated on the CAD 2 platform will allow concurrent engi-
neering to become a reality.
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Abstract

This paper provides general information about corro-
sion control considerations for U.S. Navy ship design.
The results of several studies to estimate the monetary
costs of corrosion are provided. Fundamental corrosion
principles are presented and the types of corrosion
commonly encountered in the marine environment are
discussed. Also, specific methods to help prevent corro-
sion of materials in shipboard applications, such as use of
cathodic protection, are discussed. Some of the new
challenges in shipboard corrosion control, such as the
need to comply with environmental regulations for coat-
ings, are also discussed. In closing, the paper explains
that the lowest life cycle cost can best be achieved by
considering corrosion control early in the design process.

LIST OF TABLES AND FIGURES

Table 1, Galvanic Series

Figure 1, Corrosion Cell Involving Different Corrosion
Potentials on the Same Material

Figure 2, Corrosion Cell Involving Two Materials with
Dissimilar Corrosion Potentials

Figure 3, Physical Design to Avoid Corrosion
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Ag/AgCl Silver/Silver Chloride

CRES Corrosion Resistant Steel

DTRC David Taylor Research Center

HAC Hydrogen Assisted Cracking

ICCP Impressed Current Cathodic Protection
NAVSEA Naval Sea Systems Command

OM&N Operations and Maintenance, Navy
vocC Volatile Organic Compound
COSTS OF CORROSION

The primary goals of shipboard corrosion control are to
prevent or reduce corrosion of materials in order to help
assure mission completion, to reduce the maintenance bur-
den, and to minimize life cycle costs.

Impact on mission completion

Excessive corrosion of materials can result in structural or
other type failure of shipboard components. Corrosion of
critical components can contribute to system failure and
impede mission completion. Also, to accommodate main-
tenance work to fix excessive corrosion incurred unexpect-
edly, scheduled drydockings may need to be extended

thereby impacting ship mission.

Monetary costs

The monetary costs of corrosionare incurred in maintenance
dollars required to restore corroded materials to acceptable
form. We do not know forcertain the losses sustained by the
Navy as a result of corrosion because no single authority
tracks such statistics and since measures of corrosion repair
efforts are uncommon. However, costs of corrosion have
been estimated. The following reports the results of several
studies pertinent to the military:

The National Bureau of Standards reported in 1978 that it is
very likely that the monetary costs of corrosion to the
military services amount to 8 billion dollars per year [1].
Based on this figure and on OM&N inflation index factors
of reference [2], and assuming all other factors equal, the
annual cost of corrosion sustained by the military services
will reach 21 billion dollars by the year 2000.

In 1990 the resuits of a study to determine the annual direct
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cost of corrosion maintenance for weapon systems and
cquipment in the U.S. Air Force were reported. The study
indicated that the Air Force incurs $718 million per year as
a result of direct corrosion costs. Included in this estimated
cost were expenses associated with washing, application of
preventative compounds, environmental sealing and repair
of corrosion damage. Excluded from the estimated costs
were cxpenses associated with hardware and depreciabie
equipment [3].

In 1987, extensive corrosion damage to the hull of USS New
Jersey (BB-62) was reported. The cause of corrosion was
attributed to coating failures and insufficient cathodic pro-
tection capacity for the service period experienced. Infor-
mal reports indicated that the damage incurred by corrosion
cost millions of dollars to repair.

Although the accuracy of the above estimates can be ques-
tioned, it secems reasonable to conclude that the monetary
costs of corrosion to the Navy is quite significant. In view
of this and the possible adverse impact corrosion can have
on ship mission, efforts to prevent or reduce corrosion are
worthwhile.

FUNDAMENTAL CORROSION
PRINCIPLES

An understanding of the fundamental corrosion principles
applicable to the marine environment will aid the ship design
engineer in achieving a system which meets the necessary
service requirements and operates at the lowest life cycle
cost. The following paragraphs provide a brief overview of
these principles. For greater detail and a better understand-
ing, the readeris directed to the documents referenced in this

paper.

Definition of corrosion: Reference [1]defines corrosion as:
“a deterioration of a material (usually a metal) because of a
reaction with its environment.”

The corrosion process

The predominant process of corrosionin the marine environ-
ment is clectrochemical in nature; it involves electrical and
chemical changes. This corrosion process is caused by an
interaction between areas of different corrosion potential on
a metal surface or by the corrosion potential difference
between dissimilar metals electrically connected and im-
mersed in a common electrolyte. This process is depicted in
figures 1 and 2. Figure 1 depicts a common corrosion cell
involving different corrosion potentials on the same mate-
rial. The disparity in potentials could be the result of
chemical inhomogeneity on the surface resulting in anodic
and cathodic areas on the same metal surface. Figure 2
depicts a common corrosion cell involving two materials
with dissimilar corrosion potentials. In this case, the anodic

area is on one material and the cathodic area is on the other
material.

Examination of figures 1 and 2 reveals fourcritical elements
of the corrosion process.

(1) Anode - The metal surface which corrodes by an
oxidation reaction, donates electrons, and releases metal
ions. This reaction is presented in equation 1.

Equation 1:
M— M* +2¢’

(2) Cathode - The metal surface at which reduction
occurs and electrons are consumed; among other cathodic
reactions, hydrogenions may be converted to hydrogen gas.
This reaction is presented in equation 2.

Equation 2:
2H' + 2’ —> H,

(3) Electrolyte - The common solution which con-
tacts both the anodic and cathodic surfaces and is capable of
conducting electricity. In marine applications, the electro-
lyte involved in the corrosion cell is usually seawater.

(4) External Electrical Conductor - The current
path which transfers the electrons between the anode and
cathode. The ship’s ground or like conductive material may
act as the external electrical conductor.

Elimination of any one of the four critical elements will
make electrochemical corrosion impossible. All metbods of
controlling electrochemical corrosion work toward elimi-
nating or affecting at least one of these elements.

The tendency to corrode

A very general idea of the relative corrosion resistance of
metals can be determined by review of the galvanic series.
The galvanic series provides corrosion potentials of selected
metals and metal alloys in a particular environment. How-
ever, these potentials, and even the relative ranking of
metals, can change due to environmental changes, such as
changes in flow or salinity. Because of this, the galvanic
series is not always a reliable indicator of galvanic compat-
ibility of materials. For example, alloy 625 and K-Monel
(both nickel based alloys) are relatively similar and exten-
sive galvanic corrosion would not be indicated by review of
the galvanic series. However, we know from recent testing
at the Naval Surface Weapons Center (formerly DTRC)
Annapolis, MD that K-Monel can corrode extensively when
coupled to alloy 625 and immersed in scawater [4).

Pertinent data for Navy applications is provided by Table 1
which reports mean corrosion potentials in quiescent seawa-
ter.
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TABLE 1 Equation 4:
rate of thickness loss (cm/s) = Kkl
d(S.A)
GALVANIC SERIES

Mean Open-Circuit Potential (volts)'
Versus Ag/AgCl Reference Electrode In Quies-

cent Seawater
Zinc anode alloy -1.05
Tin -0.70
Mild steel - 0.65
Muntz metal -0.35
Copper-Nickel (90-10) -0.30
Aluminum bronze -0.25
Copper -0.25
CRES 316 -0.18
Nickel -0.18
Monel K-500 -0.14
Titanium-6Aluminum-4Vanadium -0.14
Inconel 625 -0.08
Silver -0.08
Gold +0.14

Note 1: The corrosion potential values presented in this table
represent the mean of the range of potentials which have
been reported. In reality, the range of potentials for a
specific material overlap the range of potentials for other
materials. In addition, some passive film forming alloys,
such as CRES 316, are reported to show significant shifts in
corrosion potential (up to 0.45 volts) due to the change from
passive to active state.

Source: Naval Ships’ Technical Manual, Chapter 633,
Cathodic Protection, 1 October 1985.

Rate of corrosion

By Faradays law, the amount of corrosion (weight of metal
reacted) is defined by the following equation [5]:

Equation 3: (Faraday’s Law)
weight of metal reacting (g) = kit

where: k = electrochemical equivalent
(g/coulomb)

I = corrosion current (amperes)
t = time (seconds)

Applying knowledge about the density and geometry of the
metal, Faraday’s law can be used as the basis for the
following equation:

where: k = electrochemical equivalent (g/coulomb)
I = corrosion current (amperes)
d = density (g/cu.cm.)
S.A. = surface area of corroding metal (sq.cm.)

Corrosion current can be affected by changes, including
surface area changes, atthe anode and/orcathode. However,
for the purpose of this discussion we will consider the
corrosion current to be unaffected by changes in anode
surface areas.

Examination of equation 4 will reveal that corrosion rate is
dependent on the surface area of the anode: as the anode
surface area is increased, the rate of thickness loss decreases.
On this basis, the following generalization normally holds
true: Ifa large anode-to-cathode surface area ratio exists, the
corrosion rate will be relatively small. If a small anode-to-
cathode surface area ratio exists, the corrosion rate will be
relatively large. Efforts to predict corrosion rates have been
accomplished by numerical methods based on Faraday’s
Law. For new design, such methods may provide the only
means of predicting the acceptability of a given material
combination. It may also provide the only means of planning
for inspections and repairs aimed at correcting corrosion
problems before they result in failure of the component or
system.

TYPES OF CORROSION
COMMONLY ENCOUNTERED IN
THE MARINE ENVIRONMENT

Uniform corrosion: As the name indicates, this form of
corrosion proceeds uniformly over the entire surface. Itis
normally the most predictable form of corrosion since it
involves a known surface area [1).

Galvanic corrosion: Most forms of corrosion involve gal-
vanic corrosion; they involve the four critical elements
depicted by figures 1 and 2. Galvanic corrosionresults when
surfaces of different electrical potentials are electrically
connected and in a conductive electrolyte. The surfaces of
different potential can exist on the same body or on distinct
bodies. Galvanic corrosion is usually most pronounced at
the anode surface closest to cathode surface [1].

Atmospheric corrosion: Atmospheric corrosion can occur
on topside and other areas of ships which are not immersed
in seawater, but are exposed to the atmosphere. In this case
the electrolyte required to sustain corrosion is normally
supplied by seawater splash, condensation, or weather con-
ditions. Atmospheric corrosion is normally most pro-
nounced in areas which retain water and/or which involve
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dissimilar metals {1]

Pitting corrosion: Pitting corrosion is evidenced by ex-
tremely localized corrosion and normally initiated atanodic
points on a metal surface. This form of corrosion is
extremely difficult to predictsince the affected surface areas
are not known. Since a relatively small amount of anode
surface area is involved, the rate of thickness loss (at the
local corrosion sites) can be very large [1].

Crevice corrosion: Crevice corrosion is characterized by
intense localized attack withincrevices and generally occurs
only on alloys normally considered resistant to corrosion
(passive film formers). Several proposed mechanisms for
crevice corrosion exist. One of those favored involves four
stages of crevice corrosion as follows [1,6]:

(1) depletion of oxygen in the crevice solution;

(2) increase in acidity and chloride content of the
crevice solution;

(3) permanent breakdown of the passive film and
the onset of corrosion;

(4) propagation of crevice corrosion.

Stress corrosion: Stress corrosion results from the simulta-
neous action of a corrosive agent and stress. Several models
explaining the mechanism of stress corrosion exist. One
model explains that propagation of cracks occurs due to the
repeated formation and rupture of a brittle film growing at
the crack tip [7].

Erosion-corrosion: This form of attack involves corrosion
accelerated by erosive action. It is commonly encountered
when particles in a liquid impinge on a metal surface which
causes wearing away of protective films which would
normally prevent or reduce corrosion. Once the film is worn
away, new reactive surfaces are exposed which are anodic
to uneroded adjacent surfaces. It is sometimes observed on
surfaces which are subject to turbulence caused by sharp
turns or other abrupt changes in flow [1].

Biological corrosion: The chemical reactions associated
with the normal metabolism of microorganisms, bacteria,
yeasts, algae and other organisms can cause biological
corrosion. For example, the metabolism of certain bacteria
causes oxidation of inorganic compounds such as iron,
sulfur, and hydrogen [1].

Other forms of corrosion have been classified (such as
intergranular corrosion, corrosion fatigue, and high tem-
perature corrosion) but are perhaps less common in Navy
applications. The reader is directed to the referenced docu-
ments for a more thorough discussion of the various forms
of corrosion attack.

PRIMARY CORROSION CONTROL
METHODOLOGIES

Material selection

Successful performance of shipboard systems depends, toa
large extent, on the materials used to construct the systems.
Issues such as strength, wear properties, environmental
compatibility, and corrosion control require consideration.
The goal of material selection is to find the most cost
effective option while providing acceptable performance.

For example, if the system must be refurbished every five
years for reasons other than corrosion, it may not make sense
to choose an expensive, corrosion resistant material which
could provide service for the life of the ship (30 years).
Conversely, if the system is intended to provide service for
the life of the ship without refurbishment, it would be
inappropriate to select a material which would provide
service for only five years before unacceptable amounts of
corrosion occur. As another example, corrosion resistant
steel (CRES) usually performs satisfactorily in topside
applications. But CRES can experience extreme pitting
when immersed in stagnant seawater. Therefore, selection
of CRES material is appropriate for some shipboard appli-
cations, but not for all.

In addition to use of materials with adequate corrosion
resistance for the application, another criteria for material
selection is to avoid use of dissimilar materials wherever
possible since use of dissimilar materials can result in
galvanic corrosion.

Physical design

The physical design and layout of the materials can greatly
influence the susceptibility of the system to corrosion.
Efforts to avoid designed-in corrosion problems can help
reduce future costs. Several examples of physical design
issues are presented in figure 3. As depicted in figure 3a,
efforts to avoid sharp corers is recommended to avoid areas
of stagnation in the system, to facilitate cleaning, and to
facilitate application of coatings if required. As depicted in
figure 3b, avoidance of crevices is recommended to preclude
possible problems associated with crevice corrosion. In
topside environments, as depicted in figure 3¢, avoidance of
joint designs which result in entrapment of moisture is
recommended to prevent prolonged exposure to water [1].

Barrier coatings

Barrier coatings provide a barrier between the electrolyte
and the anodic and/or cathodic surfaces. This helps reduce
the amount of corrosion current passed thereby reducing
corrosion. Barrier coatings can be classified into three
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(3) Organic coatings.

Inorganic or conversion coatings are produced by applying
chemical solutions which convert the metal surface to a
protective film. Metallic barrier coatings normally involve
use of noble metals to protect relatively less corrosion
resistant metal surfaces, suchas the use of chrome plating on
steel. Organic coatings include paints, varnishes and other
similar compounds [1].

To get good performance, coatings must be properly ap-
plied. In fact, most of the coating failures in the Navy and
industry are attributed to improper application rather than to
poor material quality. Proper application involves careful
attention to surface preparation and application restrictions,
suchas surface temperature and humidity level. Some of the
application methods commonly used to apply barrier coat-
ings are brush orspray (paint), electroplate (metal coatings),
thermal spray (metal or metallic- ceramics coatings), and
weld overlay (metsl coatings). The choice of material and

Partial failure of coatings on anodic surfaces can result in
excessive localized corrosion due to the unfavorable anode-
to-cathode surface area ratio which can result. Partial failure
of coatings on cathodic surfaces usually does not result in
unfavorable anode-to-cathode surface arca ratios and, there-
fore, is not as much a concern. Therefore, in immersed
conditions in which galvanic corrosion is a concem, it is
sometimes recommended to coat cathodic surfaces but not
anodic surfaces.

Cathodic protection

Cathodic protection can essentially halt electrochemical
corrosion by electrically changing the surface of the material
protected, but can only be applied in wetted applications. In
non-wetted applications, the electrolyte required to transfer
the corrosion current does not exist and, therefore, catbodic
protection cannot work.

The following paragraphs discuss three common types of
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cathodic protection systems used by the Navy: Impressed
Current Cathodic Protection (ICCP), sacrificial anodes, and
sacrificial coatings.

ICCP systems are used by the Navy to prevent corrosion of
ship hulls. Unlike sacrificial systems, ICCP systems require
a power source 1o provide the current necessary to prevent
corrosion. Normally these systems are automatically con-
trolled to a predetermined electrical potential versus the
systems reference electrode. Physical scale modeling,
which involves use of a scale model of the ship hull
(complete with bare metal surfaces representative of nor-
mally cncountered hull cond*ions such as paint loss on the
leading edges of rudders), has been found to be an effective
way to optimize design of hull ICCP systems.

Sacrificial anodes are used for cathodic protection on most,
if notall, of the ships in the Navy. They are installed to help
prevent corrosion of hulls and metal structures in such
locations as ballast tanks, bilge areas, and machinery. Sac-
rificial anode systems are self regulating in thatthey provide
protective current when needed based on differences in
electrical potential; no monitoring or outside control is
required. To help ensure proper distribution of current, the
anodes are normally distributed evenly over the surfaces
requiring protection.

Sacrificial coatings such as thermal sprayed aluminum are
usually applied in topside or non-immersed applications. In
immersed applications, the coatings can rapidly deplete,
therefore, other cathodic protection methods (not so easily
depleted) are usually favored. Unlike organic coatings,
when a sacrificial coating is scratched or otherwise compro-
mised, it can provide cathodic protection to the exposed base
metal. Also, to prevent premature depletion of sacrificial
coatings, organic coatings are sometimes applied as a top-
coat.

Some high strength materials are susceptible to Hydrogen
Assisted Cracking (HAC) as the result of stress, time, the
evolution of hydrogen on it’s surfaces and other factors.
Since cathodic protection can result in evolution of hydro-
gen due to cathodic reactions, use of cathodic protection on
or nearby some highstrength materials is tobe avoided. This
can present a dilemma when the high strength material
requires corrosion control inimmersed seawater conditions.
When such a situation arises, corrosion control methods
other than cathodic protection are favored.

Corrosion inhibitors

Inhibitors stor srreduce corrosion by inhibiting the cathodic
and/or anodic processes. They may be applied in various
forms, including in paints, sealing compounds, or insulating
materials.

NEW CHALLENGES

In an attempt to achieve improved performance, lower cost,
and/or comply with environmentzi and health regulations,
the Navy has pursued the use of new materials and new
applications of materials. Some examples follow:

Volatile Srganic Compound (VOC)
content in coatings

In general, some type of solvent is needed to facilitate
coating application. The solvent is released while the
coating cures. The impact of release of such solvents to the
environment has been under increased scrutiny by many,
including lawmakers. The Navy is actively pursuing envi-
ronmental issues and efforts currently on- going include the
following:

(1) Compliance with all local, state, and federal
regulations concerning VOC content in coatings.

(2) Investigation of transfer efficient application
methods which reduce VOC emissions during application of
coatings.

(3) Investigation of water borne paints and coating
technology which have lower VOC content.

New material combinations

New materials are usually proposed to meet specific design
criteria such as high strength, wear resistance, or corrosion
resistance. These materials are often relatively expensive
because they require special processing or expensive raw
materials and use of them throughout a system might not be
possible due to limited construction funds. In addition, a
system might require use of several different matcrials since
no one material is suitable for all applications. For these
reasons, combination of diflerent materials in one system
often occurs.

Combination of incompatible materials inseawaterapplica-
tions can result in excessive corrosion of the less noble
material. To avoid selection of incompatible materials, past
performance data of the material combination can be con-
sulted. However, when there exists no past performance
data, as can be the case when a new material combination is
proposed, some amount of corrosion testing to assess the
compatibility of the materials (and extent of corrosion) is
usually recommended.

New material combinations with relevance to recent ship
designs include the following: alloy 625-to-copper-nickel,
alloy 625-to- steel, and titanium-to-copper-nickel. Limited
evaluations of some of these material combinations have
been performed or are on-going. In addition to determining
the compatibility of materials, testing can provide an indi-
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cation of the rate and distribution of corrosion. This data can
be used to plan for inspections and corrosion related main-
tenance.

LOWERING LIFE CYCLE COSTS

The lowest life cycle costs can best be achieved by consid-
ering corrosion control carly in the design process. This is
necessary to ensure thatthe appropriate materials and physi-
cal design are selected. This will help avoid designed-in
corrosion problems which are often costly to fix in later
stages of design and, if not fixed, can resultin system failure
and excessive maintenance costs.

In regard to material costs, since corrosion resistant metal
alloys usually contain relatively expensive constituents,
suchas nickel or chromium, they are usually more expensive
than materials with less corrosion resistance. However,
higher capital costs are often quickly compensated by
relatively low maintenance costs. It follows that sometimes
the lowest life cycle costs are only realized if somewhat
higher capital costs are invested.
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Abstract

This paper explores a theoretical level of logistic support

designated the Integrated Logistic Support (ILS) Opti-
mal Point IOP). As with Inherent Availability (Ai),
where performance is designed into a system, an eco-
nomically optimal level of logistic support can be devel-
oped toensure that the difference between Ai and Opera-
tional Availability (Ao) is minimized. The cost effective
level of logistic effort is the IOP.

NAVSEA 512 has completed a major enhancement of its
TIGER Reliability, Maintainability, Availability (RMA)
computer simulation which now makes it possible to
assess the effect that changes in ILS supply support,
equipment design, and maintenance philosophies have
on optimal ship availability.

Analysis of total ship RMA performance using TIGER
previously required about an hour of processing time on
today’s mini-computers. The new TIGER requires only
a few seconds to perform this analysis with the increased
precision required for equipment tradeoffs. The theo-
retical ILS concel:ts proposed in this paper can now be
demonstrated with TIGER and used to ensure more

available and maintainable ships given the reduced re-
sources, extended service lives, and delayed shipyard
availabilities foreseen for the Fleet in the coming years.
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NOTATIONS/DEFINITIONS/

ABBREVIATIONS

AVAILABILITY - Ameasure of the degree to whichanitem
is in an operable and committable state at the start of a
mission when the mission is called for at an unknown
(random) time.

INHERENT R&M VALUE - A measure of reliability or
maintainability that includes only the effects of an item
design and its application, and assumes an ideal operation
and support environment.

MAINTAINABILITY - The measure of the ability of an
item to be retained or restored to specific condition when
maintenance is performed by personnel having specified
skill levels, using prescribed procedures and resources, at
each prescribed level of maintenance and repair.

MEAN DOWN TIME - MDT is the time necessary to repair
a failed system at the organizational level when all the
resources (manpower and spare parts, for example) are
available and includes the additional delay caused by the
logistic support for the system.

MEAN TIME BETWEEN FAILURES - MTBF is the mean

Assoclation of Scientists and Engineers
20th Annual Technical Symposium, 28 May 1992




Imgrovlng RMA and ILS An-ysls In the Shlg Deslgn Process

operating time between (successive) failures.

MEAN TIME TO REPAIR - MTTR is the average time
required to repair a system in its operating environment
(when necessary resources are available). MTTR is a quan-
tification of inherent “designed in” system maintainability.

RELIABILITY - The probability that an item can perform
its intended function for a specified interval under stated
conditions.

TIGER - The NAVSEA Reliability, Maintainability, and
Availability (RMA) computer simulation for equipment,
parts, and total ship analyses; NAVSEA TE660-AA-MMD-
010.

INHERENT INTEGRATED LOGISTIC
SUPPORT OPTIMAL POINT (IOP)

This paper will discuss a theoretical point of logistics
support which will be called the Inherent Integrated Logistic
Support Optimal Point (IOP) of a system or equipment.
Inherent signifies the Reliability, Maintainability,
Availabilities (RMA) concept of inherent availability (Ai).
As with inherent availability, there is an inherently “opti-
mal” level of logistics support. If this level of support is not
met, system availability will suffer. Conversely, ifa higher
level of support is used than this optimal point, then little
advantage to system availability will result.

For purposes of this paper, the following ten logistics
elements will be considered:

MANPOWER AND PERSONNEL

MAINTENANCE PLANNING

SUPPLY SUPPORT

TRAINING & TRAINING SUPPORT

TECHNICAL DATA

COMPUTER RESOURCES SUPPORT

SUPPORT EQUIPMENT

FACILITIES

PACKAGING, HANDLING, STORAGE, AND
TRANSPORTATION

DESIGN INTERFACE

Inaddition to the above elements, integrated logistic support
planning (ILSP) and logistic support analysis (LSA), will be
discussed. These ILS functions, when optimized, will lead
to a system of equipment approaching its inherent availabil-
ity. If one or more of the ILS elements are sub-optimized,
then operational availability will suffer. If one or more
elements are “over optimized,” then critical resources are in
cffect being wasted and reallocation should occur.

An optimal level of logistic effort that ensures a system or
equipment will be maintained near its inherent availability,
is the key concept to this theory, which is the IOP. Within
the overall IOP, each sub-element also has a Element IOP

Hartman/Gibbs

(EIOP) which ensures equipment Ai is approached given
that all other elements are at EIOP. An example of this
concept is obtaining the minimal number of spares and
repair parts needed to fix an equipment or system.

If the spares and repair parts are available when needed,
based on the Mean Time Before Failure (MTBF) and the
Mean Time To Repair (MTTR), the system approaches its
Ai. However, if needed spares and repair parts aren’t on
hand, the waiting time for these parts will cause equipment
availability to be significantly less than Ai. In practice the
wait for parts, usually called Mean Logistics Delay Time
(MLDT) canbe very detrimental to overall systemavailabil-
ity. Thus, the goal is to have the parts on hand when needed,
but not to buy more parts than required. Thus, if we bought
three of every possible spare and repair part,and always kept
these on hand, even though MLDT would be zero, this still
wouldn’t be an optimal level of support. The reason being
that by allocating more resources than needed to supply
support, the equipment availability still couldn’t improve
beyond Ai. Because of this, over allocation of resources for
spares should be diverted to other elements (unless they are
already at EIOP), or above. The same concept holds true for
all the logistic sub-elements. Another example would be
equipment or system technical manuals (TMs). If the
equipment TMs are adequate for equipment maintenance
and operation, this subset of IOP is optimized. If the
technical manuals are not adequate then sub-optimization of
the technical data element will cause Ao not to approach Ai.
If this is the case, technical manual changes should be
affected to the level needed for operators and maintainers to
accomplish their task. In contrast to inadequate technical
manuals, if TM’s are configured beyond what maintainers
and operators need, th-n there is a waste of resources and
optimization isn’t achieved. It is important that program
offices review technical manual development with the per-
spective of not only ensuring technical manualadequateness,
butalso with an objective of eliminating unneeded chapters,
sections, etc.

The reader may be asking by this point how they will know
when the EIOPs are met. There isn’t an easy answer to this
question. The only way to have a good estimate is to know
whatis required of eachelement. A briefelementbyelement
discussion will follow.

MANPOWER AND PERSONNEL
(M&P)

This element will be discussed first because in the life cycle
cost of most systems and equipment M&P is a major cost
driver. M&P is described in DODINST 5000.2 [1] as “the
identification and acquisition of military and civilian per-
sonnel with the skills and grades required to operate and
support a material system over its lifetime at peacetime and
wartime rates.” The EIOP for M&P, would be the number
and type of military and civilian personnel needed to operate
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and maintain a system in order that the system approaches
its Al given the elements are at EIOPs. If either number or
type of personnel are deficient to the point that the system
can not be operated or maintained, or operated and main-
tained with unacceptable long repair times, or more than
normal failures, then the M&P EIOP is sub-optimal. Addi-
tionally, if more personnel are used than required to reach Ai
then the M&P EIOP is not optimal.

More likely thanthe above situation, is designing equipment
without considering manpowerimpact. Ifequipment design
is such that more or higherskilled personnel are needed than
what another design would require, then the M&P is beyond
EIOP. To avoid this requires designing the system with
M&P optimization in mind. Approaches to optimization
include embedded training, human engineering, and reli-
ability and maintainability analysis. These actions should
lead to a system design which requires the smallest number
of personnel who require the least amount of training. In
other words, designing a system that requires two rocket
scientists instead of three. Better yet, design a system that
requires two engineers instead of two rocket scientists.

Sub-optimization - includes not having the number and
skilled personnel required to operate and maintain a system
atornearits Ai. If the system was “overoptimally” designed
(designed without M&P in mind) then the optimal point
converts to the numberand type personnel needed to operate
and maintain the system. This becomes true since the “over
optimization” of design due to lack of M&P considerations,
becomes part of the system’s Ai (Aiis totally based ondesign
and must be supported). The approach to attacking sub-
optimization of M&P includes recruiting, training, proper
design, scheduling etc. These efforts should be no more or
no less than required to achieve an acceptable equipment
availability.

MAINTENANCE PLANNING (MP)

DODINST 5000.2 describes maintenance planning as “The
process conducted to develop and establish maintenance
concepts and requirements for the lifetime of a material
system. This process includes development of preventative
maintenance task, corrective maintenance task, and deter-
mining who will perform the task, and where they will be
accomplished.” In optimizing the MP EIOP preventative
and corrective task will be looked at separately.

Preventative - In optimizing preventative maintenance two
areas will be considered: first no more maintenance actions
should be planned then is needed to maintain inherent
system availability based on MTBF and MTTR. This is a
function of Reliability Centered Maintenance (RCM)analy-
sis used to develop preventive maintenance. The second
area of concern is to ensure that no more time is taken than
nceded onthese tasks (if it requires a loss of system function)
and that it is done at the most efficient maintenance level.

This avoids spending more resources than required. The
approach to optimization for MP in the preventive mainte-
nance area is to faithfully follow RCM methodology. If these
analyses are properly done, optimization should occur.

Corrective - Corrective maintenance, unlike preventive
maintenance is not planned. Thus a slightly different
approach toward optimization is required. The first concern
is that MTTR be kept to a low level. The second concemn,
like in preventive maintenance is that repairs are accom-
plished at the most efficient maintenan-~c level determined
by a level of repair analysis. The third area, as with, M&P
is design.

Design has the most influence on how system Ai is affected.
Reliability and Maintainability should be considered in the
design. If a system is designed which requires more mainte-
nance than another design (within other design tradeoff
parameters) than the system will always require excess
resources in the MP area. In other words, it will always take
more resources for MP then should have been needed. Also,
as with M&P, once a “bad design” is chosen, it becomes part
of the system Ai. Regardless of design, once Ai is estab-
lished, then sub-optimization can be avoided by doing the
minimal number of maintenance task at the shortest time
intervals which ensures system Ao approaches system Ai.

SUPPLY SUPPORT (SS)

DODINST 5000.2 describes SS as “All management ac-
tions, procedures, and techniques used to determine require-
ments to acquire, catalog, receive, store, transfer, issue and
dispose of secondary items. This includes provisioning for
initial support as well as replenishment SS.” This element,
as with the two previous elements, requires separate ap-
proaches for the problem of sub-optimization versus excess
resources. Also as with the last two elements the danger of
excess is most prevalent in design. In the SS area, the
approach which will most likely avoid this is the use of
standard parts in the design effort. By using the highest
percentage of standard parts in the design, several EIOP
producing results occur. Both range and depth of repairand
spare parts are minimized, and since the standard parts
chosen are already within an established Government Sup-
ply System, provisioning efforts are reduced as well. Thus
if equipment is designed with standard parts, the EIOP
should result, and the Ai designed into the system should
improve.

Deficient depth and range of parts can lead to excessive
MLDT. This will lead to system availability less than what
is inherent in the design. Approaches to this problem
include: adequate provisioning, parts procurement, storage,
and demand forecasting. As discussed earlier, the goal is to
obtain and stock the minimal number of parts. If more parts
than needed are stocked, then resources are wasted. Given
this fact, itis not realistic to expect demand predictions to be
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perfect, thus safety levels will probably be required. How-
ever, they should be minimal within an acceptable level of
riskand calculated to achieve the required Ao. Alsoinorder
to come closer to the EIOP methods similar to Just-In-Time
(3IT) or Materials Requirement Planning (MP) should be
adopted.

Since MRP uses safety levels, this approach may be more in
line with military needs. Either method will lead to reduced
inventory holding cost and more cost efficient supply sup-

port.

TRAINING AND TRAINING
SUPPORT

Defined in DODINST 5000.2 as “The processes, proce-
dures, techniques, training devices, and equipment used to
prepare military personnel to operate and support a new
material system. This includes individual and crew training;
new equipment training; and logistics support planning for
training equipment and devices, acquisition and installa-
tion.” The goal of optimization of this element involves
exerting the minimal required training efforts needed to
ensure that training does not negatively effect system avail-
ability. In simple terms, training equipment and devices
should be adequate enough to train personnel to operate and
maintain the system near its inherent availability. Design
again is a major factor in determining the availability which
will be supported. In order to have a positive effect on
availability, training impact should be considered during
equipment design. Building in such recent innovations as
embedded training and/or condition based monitoring and
maintenance expert systems, can dramatically reduce the
resources needed to train personnel over the lifetime of a
system. If these devices are not considered while designing
the system, it is highly probable that “excess training
resources will be required.

Another area of concern is ensuring that resources are
minimized in training development. This involves review-
ing training course development material not only for
adequateness, but also to ensure subject matter is absolutely
required for mission accomplishment. As with technical
manuals, more is not necessarily better. If training efforts
can be reduced without negatively affecting availability,
then the funds saved could be better used elsewhere.

As in previous cases, sub-optimization can be avoided
within given DOD policies. This includes operational
testing to ensure developed training materials and courses
prepare operators and maintainers. Course feed back reports
could also indicate whether training was adequately devel-
oped and executed.

RMA and ILS Analysis in the Ship Design Process
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TECHNICAL DATA (TD)

As described in DODINST 5000.2 TD is “recorded informa-
tion regardless of form or character (such as manuals and
drawing of a scientific or technical nature). For purposes of
this paper only technical manuals (TMs) will be discussed.

As briefly discussed above, TMs should be developed to
adequately support equipment operators and maintainers.
This should give us the TD EIOP. The process involved in
the effort includes first reviewing TM documentation for
technical content and useability. Second, review of docu-
mentation to ensure that only what is required is incorpo-
rated. Third, validation of useability and content at opera-
tional evaluation and othertesting. Finally, keepingthe TMs
current through change pages and revisions.

COMPUTER RESOURCES
SUPPORT (CRS)

“The facilities hardware, software, documentation, man-
power and personnel needed to operate and support embed-
ded computer systems,” is known as Computer Resources
Support as described in DODINST 5000.2. The areas of
CRS which influence Ai the most (embedded training, rapid
prototyping etc.,) arc covered in other areas of this paper.
Thus, the discussion of this area will be minimal. It will
suffice to say that as with other elements, CRS should be
executed at the minimum level to ensure availabilities near
the Ai of the system are maintained. This level of effort is
the CRS EIOP. In order to accomplish this, efforts which
may assist, include documentation review, rapid prototyping
and software maintenance.

Documentation review includes reviewing data definitions,
entity relationship diagrams, and bubble charts. The key is
to ascertain whether the minimal level of mission functional
requirements are met. Asinotherareas, unneeded functions
should be eliminated. Alsosimilarto other elements, a large
portion of reaching the EIOP is determined by design. A
large portion of system availability is influenced priorto a
<‘ngle line of code ever being written. It is thus important
10 review the documentation for both adequateness and over
kill.

Another effort mentioned was rapid prototyping. Many
software coding “errors” result from coding which works
correctly, but correctly performs an erroneous or unneeded
function. Rapid Prototyping (RP) can catch these interface
errors early and be helpful in avoiding both sub and “over
optimization” of the CRS EIOP. RP works well because
human interface errors can be easily spotted. Since this is
done prior to the actual software being coded, costly soft-
ware revisions can be avoided.

The next area to be discussed is software maintenance.
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Software maintenance can result from functional changes,
equipment changes, or the discovery of coding or logic
mistakes. The key to optimizing this effort is to discoverthe
most efficient revision point based on its criticality. This
simply means that a determination of how many and how
severe required software changes should be before new
software is developed. With today’s modular programming
concepts and reusable coding, software changes do not
always mean total rewriting. Thus an optimal point would
involve trading off some improvements in the interim
between revisions for more efficient time frames of software
improvements.

The final area of CRS is hardware. Optimization inthis area
involves using standardized equipment when the it can meet
equipment mission. The use of standard computer compo-
nents reduces the cost of developing support for the compo-
nents since they already are ILS supported. Thus if non-
standard components are included in the design where
standard components would work a waste in resources
results.

PACKAGING, HANDLING,
STORAGE, AND
TRANSPORTATION (PHS&T)

As described in 5000.2 PHS&T is “the resources, processes,
and procedures, design considerations, and ethods to
ensure that all system equipment and support items are
preserved, packaged, handled and transported properly.
This includes environmental considerations, equipment pres-
ervation requirements for short and long term storage, and
transportability.”

As with the other elements, the goal is to do the minimal
effort in this area which ensures that parts, equipments and
systems are delivered undamaged. For clarity purposes the
various sub-elements of the PHS&T are as follows:

Packaging

Packaging can have serious consequences on whether or not
system availabilities are affected. Packing should be just
adequate enough to ensure that parts, components, and the
cquipment itself are not damaged while bandling, storing or
transporting. Packaging requirements are entwined with the
other elements of PHS&T. Anexample would be when the
component is planned on being shipped. In general, using
rail transportation requires sturdier packaging then air or
truck. Another example is storage. Open storage requires
entirely different packaging then inside climate controlled
storage. Thus for this example, the component will be stored
indoors and shipped by rail. Anexample of excess would be
to package the item to withstand outside conditions. An
example of under optimization would be to package the item
to withstand truck transportation when the shipment will be
sent by way of nil. Either of the two examples leads to the
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PHS&T EIOP not being met.
Handling

Packaging and handling go together by means of marking
how a package should be handled and what equipment
should be used to move the packages around (examples: do
not use tongs; this end up; fragile; or do not expose to X-
rays). To a large degree the two activities have direct effect
on one another. Simply stated: the better something is
packaged, the rougher you can handle itand the rougher you
handle something the better it needs to be packaged. With
this paradox stated, in order to optimize handling, the
methods and equipment used should be the minimal required
to ensure that system Ao is not compromised. One example
is supply methods: JIT would require rapid handling meth-
ods since no safety supply is needed. Thus the handling
methods chosen would have to meet special JIT driven
needs. The key to the optimal point is using no more or no
less resources then required..

Storage

Like handling, storage is to a large degree influenced by
packaging. In general, the optimal point of storage is the
minimal space and type of storage required to avoid part/
equipment damage (which hurts system availability).

Transportation

Transportation optimizationinvolves choosing the least cost
method of transport which meets mission needs. It also
involves ensuring that equipment or systems are transport-
able. Use of expensive air transportation when rail would do
is not justified. Sub-optimization could be the reverse of the
above; using rail when air would be required to meet mission
needs.

Table 1 below shows the advantages and disadvantages of
the different methods of transport. These advantages and
disadvantages should be considered as trade off variables
when attempting to optimize transportation.

SUPPORT EQUIPMENT (SE)

Support equipment as described in DOD 5000.39 is: “all
equipment (mobile or fixed) required to support the opera-
tion and maintenance of a material system. This includes
associated multi-use end items, ground handling, and main-
tenance equipment, tools, metrology and calibration equip-
ment, test equipment and automatic test equipment. It also
includes the acquisition of logistic support for the support
and test equipment itself.”

In order to reach the SE EIOP, SE requirements need to be
equally matched with the support provided. As with previ-
ous elements, system design can have a positive or negative
result on the SE EIOP and the overall system availabilities.

5 Association of Scientists and Engineers
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MODE TO VARIABLE RATING
(1-5, 5 as best)

MODE ‘!Reliability Speed  Cost Equipment

Damage/Loss
Water 2 2 5 3
Motor 4 4 3 4
Rail 4 3 4* 3
Air 5 5 1 4
Notes

!Reliability forthis chart means that the shipment arrives
on the predetermined time.

ZRail is very inexpensive when moving bulk or commod-
ity goods. However, less than carload rates negate some
of the cost savings for smaller shipments.

Table 1 - Advantages and Disadvantages to Differ-
ent Methods of Transport.

Whendesigning equipment, the issue of testability should be
considered. The use of built-in-test equipment, automatic
test cquipment, and standard test equipment can all lead to
lower life cycle cost while still meeting testability require-
ments. The key is to consider these options early and to meet
testability needs using the least resources.

Also important in the area of SE, is to maximize the use of
standard general purpose test equipment and minimize the
use of costly system unique test and support equipment.
Again the goal is accomplished in design. If these concerns
aren’t reflected in the system design, we will have a system
which always requires more SE resources than it should
have.

Sub-optimal performance in SE is somewhat easier to
tackle. Through various analyses, SE functions can be
determined. Important functional areas include mainte-
nance and testability. Once these functions are identified, its
a matter of ensuring that these functions can be met with the
SE provided. If these functions are not met, system Ai will
not be maintained.

FACILITIES

DODINST 5000.2 defines facilities as: “the permanent or
semi permanent real property assets required to support the
material system. This includes the conduct of studies to
define types of facilities or facilities improvements, loca-
tions, space needs, environmental requirements, and equip-
ment.” The discussion concerning facilities will be some-
what brief. It will suffice to say that in order to reach the
facilities EIOP, a trade off between new and modified space
should be conducted. The most economical space which
will meetsystem needs, withoutbeing detrimental to system

Hartman/Gibbs

Ai should be used. Also as with other elements, facility
requirements should be considered when designing the
system.

DESIGN INTERFACE (DI)

As described in DODINST 5000.2 “the relationship of
logistics related design parzmeters, are expressed in opera-
tional terms rather than as inherent values, and specifically
relatetosystem readiness objectives and support costs of the
material system.” The goal is to let system readiness and the
logistic support of the system influence system design.

As mentioned before, this paper discusses ILS planning and
LSA. ILS planning includes all of the planning, plan
preparation, contract preparation, ILS element plan prepa-
ration, ILS meetings, and other efforts involved in logistic
planningand ILS execution. These efforts are very costlyin
both time and dollar resources. Like the other ILS sub-
elements, ILS planning has an optimal point in which the
resources exerted will ensure equipment Ai is approached
using minimal resources. Also as with the sub-elements, if
more effortis exerted than required to achieve Aiitis a waste
of time and money.

ILS planning is an area which can waste large dollar
resources. Often plans and documents are prepared based on
checklist and instructions, without understanding the reason
for their development. A backward approach should be
taken in which system readiness is the ultimate target. All
plans and efforts should be based on the maintenance of
availabilities. Planning should first focus on influencing
design to have the very best practical system availability,
and second, support the system once it is designed. ILS
planning should also focus on ensuring that support is
economically provided. If a plan, meeting, document, etc.,
does not influence design, or help ensure support, it should
notbe done. ILS audits, instructions, etc., should be altered
to reflect this backward path methodology.

LSA asasub-element of ILS planning will now be discussed.
The key to optimizing LSA is very similar to the optimiza-
tion of ILS planning. The target is maintaining or improving
system Ao. LSA tasks should either improve (through
design) the system Ao or should ensure adequate ILS
support. If neither of the above goals are accomplished
through the execution of an LSA task, the task should not be
performed. The EIOP of LSA is reached when the extended
effort is just enough to ensure the best practical equipment
Ai has been positively affected through LSA influenced
design and that the design is supported at minimal effort.

INTERFACE BETWEEN LOGISTICS
AND DESIGN

When could one betterinfluence the life cycle costs of a ship
than during its design? This means that sparing needs to be

Assoclation of Scientists and Engineers
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closely integrated with equipment selection and ship sys-
tems design. Manpower and personnel, maintenance plan-
ning, and supply support all depend on the equipment
selected and on the spares supplied.

Inorderto predict the reliability and maintainability (R&M)
performance of a new ship, it is necessary to determine and
verify the spares, mean logistics delay time, maintenance
burden, and the total cffect they bave on operational avail-
ability. The better the support, the closer operational
availability (Ao) approaches the inherent availability (Ai).
These systems reach a point of diminishing returns after
which additional resources slowly drive operational avail-
ability closer to inherent availability. How closely a system
approaches its inherent RMA performance is a design and
management decision. These life cycle decisions cannotbe
made without quantitative predictions of cost, operational
and supply system impact.

The Navy has used increasingly sophisticated math and
computermodels to predictsparing and repair. The NAVSEA
TIGER RMA simulation has been used for two decades to
design new combatants and auxiliary ships for the Fleet.
Increasingly detailed sparing, maintenance, and logistics
calculations have been incorporated with each new version
of TIGER.

REQUIREMENTS FOR TIGER/RMA -

ANALYSES

There is broad based need for increased attention to reliabil-
ity, availability, maintainability, quality, and logistics due
to extended service lives, delayed availabilities, and re-
duced resources both for ship design and overhaul. This
need for total ship/system R&M modeling has been recog-
nized by NAVSEA and all levels of DoD. In 1987, OPNAV

lmprovlgg RMA and ILS Am!nls inthe smg Da!gn Process

The most efficient way to achicve these requirements is by
using the enhanced version of TIGER to assess the total ship,
identify the greatest contributors to ship unavailability, and
work to alleviate the problem areas by optimally sparing
mission critical equipment. The new TIGER does ail 1his,
including developing optimized spares lists.

It now becomes imperative to extend the use of these R&M
tools to battle group assessments, provide computer visual-
ization for the input and output, and make these programs
available to the entirc NAVSEA organization including
field activities for R&M analysis and shipboard assessment
of readiness using data from shipboard equipment condition
based monitoring,.

HISTORY OF TIGER
DEVELOPMENT AND USE

The NAVSEA TIGER R&M computer simulation has been
extensively validated and used in the design of every new
class of Navy combatant and amphibious ship during the
pasttwo decades (see Table 2 for a detailed list of NAVSEA
shipsanalyzed with TIGER). This program is the Navy
specified R&M prediction tool for weapon system design
[3]). It has been used in making decisions ranging from
determining which research and development projects to
fund all the way through planning alterations to make for
mature ship classes. TIGER has been delivered to over 250
sites at other government facilities, contractors, and friendly
foreign nations. The program has been enbanced continu-
ally and recent breakthroughs have demonstrated orders of
magnitude increases in speed.

The new TIGER computer program has the capability,
speed, and precision needed to analyze the R&M and

institutionalized the use of TIGER for operational analysis
of ships. [2] NAVSEA reiterated this in 1989 and required CLASS TIGER USAGE
TIGER for development and design, determination of op-
erational availability (Ao), sparing, and manning tradeoffs. = -
B3]
The new DoD acquisition instruction 5000.2 [1] requires AE 26/32 Ccvwv LSD 41/49
R&M and the establishment of readiness objectives and JAOQ 177 DD 963 MCM 1
thresholds at Milestone I and beyond. A consistent set of AOE 1/6 DDG 51 MHC 51
objectives and thresholds for readiness, reliability and main-
tainability must be established by Milestone 1. Both JAOR 1 DDG 993 PG 84
technical and operational thresholds should be established |ARS 50 FF 1052 PG C/G
for reliability, maintainability, inherent availability and CG 16/26 FFG 7 PHM
operational availability. This instruction further states that
the sensitivity of manpower and other support resource CG 47 LCAC SSN 21
requirements to changes in R&Mand utilizationmate impact  JCGN 36/42 LHA 1 TAGOS
on system n:adilll(ess and :upp;)_mbility should be analyzed |CY 67 MR LHD 1 TARC
and logistics risk aress identified. The spares investment
levels should be related explicitly to readiness and be based CVN 70 LPD 4 TRIDENT
on realistic estimates of demand rates and systemutilization. Table 2 - TIGER Used to Perform R&M Analyses on
New Ship Classes
7 Assoclation of Scientists and Engineers
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Concept Formulation

Feasibllity Studies

Preliminary Design

Contract Design

Detail Design and Construction
Readiness Based Sparing
Readiness Improvement Program
SHPALTS / MACALTS / ECPs

Table 3 - TIGER is Employed in a Broad Range of
Applications

logistics performance of total ships down to the Line Re-
placeable Unit (LRU), but this requires parts level data and
takes considerable effort. Typical applications at this time
encompass modeling the total ship at the equipment level,
determining which are most critical to the operational
availability of the hull, mechanical, electrical, and combat
systems, then performing Readiness Based Sparing (RBS)
optimization for the selected items.

With the enhanced capabilities of TIGER, carrier battle
groups and amphibious task forces can now begin to be
modeled by considering the ships’ redundant supply, com-
munications, and weapons systems. The range of RMA
applications is broad and detailed. Table 3 lists areas and
involvement from concept formulation through service life
extension. R&M plays an important part in each of these
particularly preliminary design, contract design, and readi-
ness based sparing because the program follows OPNAV’s
Availability Centered Inventory Rules (ACIR). [4,5]

ENHANCED VERSION OF TIGER

NAVSEA has completed a major enhancement of the TI-
GER Reliability, Maintainability, Availability (RMA) com-
puter simulation program. (See Table 4.) The current
changes increase the program’s speed, precision, ease of
use, and productivity. This enables Department of Defense
reliability engineers to perform R&M analyses of very
complex systems and comply with the requirements of
DoDINST 5000.2, Defense Acquisition Management Poli-
cies and Procedures. We envision that all of DoD and
numerous other government agencies will benefit from this
work.

While the TIGER program has undergone a major enhance-
ment approximately every two years since its inception 20
years ago, this one is dramatic. TIGER RMA simulations of
total ships previously required about an hour of processing
time on today’s mini-computers. The new TIGER Version

TIGER ADVANCES

o FY80-90 INCREASED EFFICIENCY 100X

o FY90/91 FUNDED UNDER PIF
- NEW ALGORITHMS AND FUNCTIONS
- WORKSTATION SPEED
- >1000X PRECISION

Table 4 - Significant Advances Made with TIGER
program

9 will require only seconds to perform the same analysis (see
Figure 1). The enhanced TIGER performs these assess-
ments with the increased precision (six significant figures)
required for assessmeni of battle groups and equipment
sensitivity tradeoffs. This translates to on-line assessments
now taking seconds but performing computations that would
have previously taken more than a full year. It also incor-
porates the capability to design and optimize system spares
for operational availability based on three continuous pa-
rameters such as cost, weight, and logistics delay time.

Asaresultof NAVSEA development efforts started with FY
90/91 Productivity Investment Funds (PIF), the enhanced
TIGER computer program is able to perform R&M assess-
ments of total ships and battle groups millions of times faster
than previous versions of the program. Significant design
tradeoffs, including Readiness Based Spares (RBS) optimi-
zation, will be possible on NAVSEA CAD-2 workstations
runaning the X Windows System (X11: FIPS 158) environ-
ment.

Beta Site test copies of TIGER (version 9) were distributed
to NAVSEACENLANT, NAVSEALOGCEN, and
NAVSSES personnel for evalvation. They assisted in
finalizing the input and user friendly features of TIGER. A
user questionnaire was be sent out in January to over 100
government and contractor sites which have requested TI-
GER in the past. The survey documents the impact this high
speed workstation program will have ontheir operations and
identifies which locations desire the new program being
distributed by SEA 5121.

FEATURES, CAPABILITIES,
ADVANCES, AND OPTIMIZATION

The new capabilities and characteristics (see Figure 2 for
overview) of TIGER are:

Association of Scientists and Engineers
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NUMBER OF BLOCKS IN RELIABILITY BLOCK DIAGRAM
Figure 1 - TIGER Runs made with Monte Carjo and Analytic Techniques

TIGER now calculates reliability and availability perfor-
mance based on numerical solution of the failure and repair
transition rate differential equations.

TIGER follows the Availability Centered Inventory Rules
for spares determination. It can now be used to optimize
reliability and operational availability, functional design,
and spares by cost, weight, power consumption, logistics
delay, etc. Repair shop limitations are included to help
assess the maintenance personnel aspects of the design.

TIGER incorporates the top down functional/reliability
block diagram approach to speed design implementation.
The new input structure is based on operational, equipment,
and logistics aress of expertise.

The computer program is written for transportability and is
being delivered for use on mini computer workstations and
32 bit personal computers with math coprocessors.

An input file translation program is included so that TIGER
8.21 input files can be formatted to run with version 9. This
enables present users to upgrade previous work without the
expense of recoding their reliability models.

TIGER can be redimensioned to run very large R&M models
on micro, mini, and mainframe computers using the TIGER
RESIZER Program.

The new TIGER CUB, an interactive file preparation pio-

gram, is included to provide ease of input to the TIGER
RMA simulation.

The TIGER Users Manual is delivered in an ASCII text
format with the computer program. Print on demand, laser
copies can made from this file.

PROGRAM STRUCTURE

The input structure for TIGER 9 bas significantly changed
from that of thc previous versions. An object oriented
philosophy was used to design this structure in orderto make
it easier to use by being similar to the way engineers, naval
architects, and logisticians prepare their design information.
All input falls within five grouped areas (see Figure 3 foran
overview). Group 1 encompasses Run Control, the avail-
ability or reliability objectives, mission time line, etc.
System and function structure is developed in Group 2 while

9 Assoclation of Scientists and Engineers
29th Annual Technical Symposium, 28 May 1992




Imgrovlng RMA and ILS Am!!sls in the Shlg Dalgn Process

Hartman/Gibbs

TIGER 9 FEATURES

r SYSTEM STRUCTURE AND OPERATION\
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\— J

. _/

*NEW TIGER FEATURES

Figure 2 - Features of the New Version of TIGER

equipment characteristics are specifically identified in Group
3. The logistics considerations of sparingsupport and repair
shops are quantified in Groups 4 and 5 respectively. In this
way the model can be built up by individuals working
scparately in their specialties to contribute to the whole.

CONTINUOUS PROCESS
IMPROVEMENT OF TIGER RMA
PROGRAM

In the spirit of Total Quality Management - Continuous
Process Improvement (TQM), the refinement of TIGER
RMA modeling does not stop. Work is presently underway
to developan interactive userinterface to the program which
handles the development of reliability block diagrams
(RBDs), input, run control, and output analysis. The RBD
program will permit the designer to interactively develop
Reliability and Maintainability (R&M) models from func-
tional block diagrams. It is being developed as a transport-
able, workstation based, interface program capable of inter-
active construction and graphical display of reliability block

diagrams (RBDs).
The program will employ Artificial Intelligence (AI) and

advanced windowing techniques to establish interfaces which
make it easy for the designer to develop and assess RMA
tradeoffs. It will contain rules for identifying equipment
which are best suited to implemention of diagnostic expert
systems for failure analysis, spares identification, and cor-
rective maintenance.

This interactive program will operate with the X Window
System in the UNIX, VMS, and mini computer environ-
ments. Windows will be used to run the enhanced TIGER
family of RMA programs on 32 bit personal computers.

Multi-Echelon TIGER Analysis will extend TIGER to spar-
ing analysis at the organizational, intermediate, and depot
levels. It will be used to assess the complexities of multi-
echelon positioning and the resupply network.

AnOutput Visualization programthat could be developed as
a post processor to ease the designer’s analytical burden by
providing graphical visualization of the TIGER program’s
output data is being proposed. This program would use
expert systems to provide assistance in interpreting the
output. The program would process large amounts of
numerical dats and display it in highly intuitive 2D and 3D
graphs within the evolving X Window System and the
Windows environment on 32 bit computers.

Assoclation of Sclentists and Engineers
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TIGER 9 INPUT DATA STRUCTURE |

OBJECTIVE
RESOURCES
SELECTION
DEFAULTS
MISSION

PHASES
SYSTEMS
FUNCTIONS

EQUIPMENT
OPERATION
REPAIR
SUPPLY
PARTS

GROUP 1

Figure 3 - TIGER 9 Input Data Structure

INTERFACES TO THE DESIGN
PRCCESS

We are working to integrate the enhanced speed TIGER
Computer Program Family into the Computer Supported
Design (CSD) software to provide an on-line, workstation
R&M package and provide these tools to the entire DoD
community.

Based upon DoD wide needs for computer programs to
support the entire community, we will seek OPNAYV and
DoD certification [S] of the enhanced TIGER family for the
widest possible distribution.

Current efforts by SEA 5121 focus on interactive construc-
tion and display of Reliability Block Diagrams (RBDs)
required as input to the TIGER program. This development
incorporates use of the X Window system in the UNIX,
VMS, and DOS environments. Computer supported design
division (CSD) tasks will focus on demonstration of the
integrated TIGER/RBD family of programs on machines
with these operating systems. Future tasks would include
demonstration of the Multi-echelon sparing optimization

version of TIGER in the CSD design process on CAD 2
machines.

RESULTS OF TIGER VERIFY
THEORY

The enbanced speed, workstation version of the NAVSEA
TIGER Reliability, Maintainability, and Availability (RMA)
computer program has been developed. It performs the
customary TIGER RMA analyses orders of magnitude faster
that the older, Monte Carlo versions of the TIGER simula-
tion. Increased speed and precisionallow TIGER to be used
inthe CAD 2 workstation environment and support detailed
sensitivity and tradeoff studies from early design through the
SHIPALT cycle.

We can now perform the previously impossible task of
assessing the impact on total ship availability caused by
changes in sparing, logistics, maintenance philosophies,
equipment reliability and operational scenarios while work-
ing in an on-line workstation environment. This truly helps
us in finding the inherent optimal point where operational

"
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availability approaches inhcrent availability at an accept-
able cost.

CONCLUSIONS

This paperdiscussed an idea of anoptimal integrated logistic
support point described through optimization of individual
clement IOPs. The key issuc is to first consider ILS and
reliability concerns in system/equipment design. Second,
after design, provide logistics support at the minimum level
necessary to maintain system/equipment Ai. When this is
accomplished, you have reached the IOP.
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Abstract

The Patrol Boat Coastal, (PBC) had its origins in an early
requirement for a craft that was to support operations of
Naval Special Warfare forces. This requirement was
expanded to include capabilities that were defined as a
result of early Persian Gulf experiences with the Mk Ik
patrol boats. These combined requirements were stated
in the PBC Letter Operational Requirement [1] which
also directed that PBC be a Non-De relopmental Item
(NDI) procurement.

The acquisition process for the PBC was a two-step best
value procurement which allowed each boat builder to
propose his own commercial or foreign military design
based on a Top Level Specification (TLS) and a Circular
Of Requirements (COR). A broad range of craft were
proposed with the successful offeror proposing a 170 foot
craft in the 315 ton (full load) range.

The size of the craft led the Chief of Naval Operations
(CNO) to ask, “Why can’t | commission them?” Aftera
prompt review of the implications of commissioning, the
CNO recommended to the Secretary of the Navy that the
PBC be commissioned and that office concurred. {2]

This paper will address some of the impacts of that
decision, both those known at the time and some discov-
eredsince then. Some of the areas where differences exist
between boats and ships are: Names, Hull Numbers,
Specifications, Unit Identification Codes (UIC), Models
and Mock-ups, Testing, Certification, Manning, Mainte-

nance and Lavnch. Our paper will address these differ-
ences and their impact on the acquisition of the Patrol
Coastal (PC, formerly the PBC).

INTRODUCTION

Patrol Boat Coastal

InJanuary 1991 the CNO asked duringa briefing, why can’t
I commission these 170' PBC’s? Thus began the
transmogrification of Patrol Boat Coastal (PBC) to Patrol
Coastal (PC-1) Class ships, the Navy’s newest class of ships,
and no one knew exactly what was involved. Some thought,
“all you need is a bottle of champagne to whack on the bow”.
Others, like COMNAVSEA saw a more significant effort
and on 1 February, 1991 recommended to OPNAYV that the
commissioning decisionbe delayed [3]. This paperattempts
to document some of the differences between a boat and a
shipand hopefully shed some light on the decisions that must
be carefully made for those craft, like PC, that are on that
blurred line between a large boat and a small ship. With the
challenge to the Navy to down size over the next several
years there will be a great need for all ships and boats to take
on more tasks. As we load more fu:ctions and equipmenton
larger craft, based somewhat on lessons leamed in the
Persian Gulf, other craft may creep up into this blurred
region of big boat or small ship.

This paperwas written inorderto docu.nent our findings and
establish the beginnings of a data base on the requirement
differences between a big boat and a small ship. We hope
it will be of benefit to future Program Managers of programs
that end up being small ships by providing some insight into
the waves that lie ahead.

Characteristics

PC-1 Class ship characteristics are as follows:

Length 170 ft
Beam 251t
Draft 7.8 ft
Displacement 315 Tons (Full Load)
Fuel Capacity 11,000 gallons
Propulsion 4 Paxman diesels
(3350 BHP each)
Generators 2 Caterpillar
(155 KW each)
Speed 35 Knots
Endurance 10 days
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Figure 1 - Patrol Coastal (PC -1) Class

Other:

* Semi displacement all welded steel hull with welded
aluminum superstructure.

* Communications equipment (HF voice, UHF
SATCOM, VHF, VHF FM, Marine Band, IFF,
secure data transmission). Sensors (Surface search
and navigation radars, IR surveillance, ESM).

* Navigation Systems (LORAN-C, GPS, Gyrocom-
pass, Fathometer, Sonar).

* Complement: 4 Officers, 1 Chief Petty Officer, 23
Enlisted

* Accommodations: For the above plus one more
chief, two more enlisted and a Special Operations
Force (SOF) detachment of 9. (See Figure 1)

Early design concepts

The requirement for the PC program has its origins in
programs that began in the mid 80’s, under the names
Special Warfare Craft Coastal (SWCC) and Patrol Craft
Coastal (PCC). Although both PCC and SWCC were very
similar, they did not have identical requirements. However,
the PCC and the SWCC were similarenough thateventually,
the CNO decided that they should be combined into one
program. Combining these programs offered advantages
such as lower procurement costs because of the larger
procurement quantity, as well as improved supportability
and maintainability. The combined programbecame known
as Patrol Boat Coastal (PBC).

The PBC requirements which evolved from the merger of
the SWCC and PCC including range, endurance, weapons,
seakeeping and speed required offerors to propose designs
which were significantly larger than the existing special
warfare boats. Naval Sea Combat System Engineering
Station (NSCSES), Combatant Craft Engincering Depart-
ment developed initial PBC design concepts which indi-
cated the minimum size monobull would be approximately

140 ft {120 ft if a Surface Effect Ship (SES) was proposed].
The feasibility designs indicated that the monohull would be
weight critical and topside arrangements would be cramped
at best. The SES design, still weight critical, showed much
more flexibility intopside arrangements because of its larger
beam.

In order to minimize development costs and avoid the time
required to develop a prototype design the CNO directed [1]
an Non-Developmental Item (NDI) procurement.

PBC/PC Acquisition Process

In view of cost and time constraints the PBC Operational
Requirement identified the basic craft as a NDI. This
Operational Requirement Letter approved the baseline PBC
for Full Scale Development, a DOD Milestone II Decision.
Additionally, the Operational Requirement identified sev-
eral craft improvements that were to be developed concur-
rently as Pre-Planned Product Improvements.

A Non-Developmental Item procurement is intended to be
a cost effective approach to meeting the program require-
ments. The goal is to obtain an already developed product,
that with minimal modification, will suit the application. In
order to ensure that we procured an existing product, that
when modified, best suited the Operational Requirements,
the Navydecided ona 2 step, best value procurement process

[4].

Firstthe Navy developed a Circular Of Requirements (COR)
[5] and a Top Level Specification (TLS) [6]. The COR
identified the performance characteristics for the PBC, such
as reliability parameters, maximum speed and maximum
draft and identified space and weight reservations for the
Pre-Planned Product Improvements. The COR also identi-
fied the craft’s missions so that offerors could modify their
current products to suit the PBC’s mission requirements.

The Top Level Specification (TLS) provided basic design
criteria that identified components and requirements to be
incorporated into the contractor’s specifications. The TLS
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identified things such as material requirements for piping
systems, minimally acceptable components such as the
cnaft’s rigid inflatable boat and general contract specifica-
tion requirements. In keeping with the NDI approach the
TLS did not approach the specificity of a typical shipbuild-
ing specification.

The first step in the contracting process required each
offeror to submit their technical proposal which described
the craft they bhad designed or modified to meet the
requirements identified in the CORand TLS. Each offeror
was also required to provide a proposed contract specifica-
tion which included requirements identified in the TLS.
The Navy evaluated each offerors technical proposal to
ensure that the offeror met the requirements, and gave each
proposal a numeric score.

The second step in the contracting process was to request
price proposals from offerors that met the minimum re-
quirements with an acceptable design. The Navy then
awarded a contract for a Coastal Patrol Boat to the offeror
whose technical score when combined with the proposed
price demonstrated the best value to the Navy.

DECISION TO COMMISSION

In the study to respond to the CNO’s question several areas
were reviewed. These included the legal implications, the
ship force levels, historical precedence, the administrative
requirements and the fundingconsiderations as bestas they
could be determined within the time allotted in order to
provide a timely response. What follows is a summary of
the response that was prepared by the OPNAYV staff for
PBC.

The legal implications basically boiled down to two minor
areas. Firstofall,a US Navy ship must be builtin the USA.
Second, if a ship was under armed forces control it was
eithera Warship if it bore external markings and was under
the command of a Commanding Officer, or it was an
Auxiliary. Because bothare used only for Government non
commercial service both have, similar to many Navy
vessels; sovereign immunity which includes immunity
from arrest and search, exemption from foreign taxes and
regulation, and exclusive control over passengers and
crew. However, none of this is impacted by commissioning
because commissioned status is not part of any interna-
tional statute. No legal guidelines were found that would
relate size, manning or other factors to the decision to
commission.

With regard to force levels, there are twa categories in the
Shipand Aircraft Summary Data Tables (SASDAT). They
are Total Ship Battle Force (TSBF) and Local Defense and
Miscellaneous Support Forces (LDMSF). The often quoted
“600 ship” Navy, or now “450 Ship” Navy is a measure of
the Total Ship Battle Force. These are the fully deployable

commissioned ships of the US Navy. The PC, withiits primary
mission of coastal patrol and interdiction and somewhat more
limited range, is appropriately in the Local Defence and
Miscellaneous Support Forces category. Therefore its com-
missioning will not impact the “450 Ship” Navy.

A historical review of commissioned ships also failed to
reveal any established guidelines as to length, crew, arma-
ment or mission that would determine whether or not a vessel
was commissioned.

A review of the administrative requirements however did
show that a far greater responsibility fell on a Commanding
Officer than did on a craft Officer-In-Charge (OIC). While
it is envisioned that many non-operational program require-
ments would be shifted to the immediate unit commander this
may yet show to be the Achilles Heel of the decision to
commission the PC.

The funding impacts at the time of the recommendation to
commission were thought to be the cost of the ceremony, that
“bottle of champagne”, and the cost of modifying the contract
to get a ship name, hull number, ship plaque and a commis-
sioning pennant put aboard. NAVSEA expressed a concern
that there would be hidden costs and hence COMNAVSEA’s
recommendation to defer [3]. OPNAV responded with an
agreement to waive all items imposed as a result of the
decision to commission [7]. We are only now beginning to
be able to quantify these impacts.

What follows is a list of some areas impacted by the commis-
sioning decision and a discussion of the impacts we know of
today. Ouraim is to record these as a lessons learned in the
event a future program is faced with a similar commissioning
decision. This paper may help them to quantify the impact of
commissioning.

Vessel Names

Boats and craft are not normally named. However, Naval
Special Warfare, the PC end-user, has a history of naming
classes of combatant craft. Examples being the 36 foot
Special Warfare Craft Light (SWCL) and the 65 foot Patrol
Boat (PB) Mk III, otherwise known as SEAFOX and
SEASPECTRE respectively.

Commissioned ships onthe other hand are named. Names are
assigned by the Secretary of the Navy via SECNAV Note.
The process by which ships are named begins with the
Congress budgeting money for a ship. Congress authorizes
and appropriates Shipbuilding, Conversion Navy (SCN) funds
for the ship. The SCN funds become the trigger that gets
SECNAV to designate bull markings and the Naval Historian
to make recommendations as to the ships names. Fora new
class of ships the historian may research ships with similar
characteristics and missions, in order to recommend the best
name. The Historian then proposes a roster of names to the
Secretary, who has final selection authority.
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The PC, being a Special Warfare craft and not a ship may
have had a class name like the SEAFOX and SEASPECTRE
butbecause it was notin the budgetas a ship it did not trigger
the “naming process”. Inthe process of researching for the
CNO the impact of commissioning the PBC, the Naval
historian was asked to make a recommendation for a class
name for the PBC. While recommendations for hull names
were made, these did not constitute the official roster of
recommended names. As the initial drafts of this paperwere
prepared, the PC’s did not have names. Once the Secretary
of the Navy agreed to commission PC’s [2], he then was
requested to designate a new class of ships called “PBC”.
That proposal was rejected and the designation “PC” was
selected [8] with the class beginning at hull number 1.

Followingthatdiscussion, the Naval historian recommended
eight names with five alternates. The Secretary of the Navy
has recently assigned [9] the following names for PC’s: PC-
1, Cyclone, PC-2, Tempest, PC-3, Hurricane, PC-4, Mon-
soon, PC-5, Typhoon, PC-6, Sirocco, PC-7, Squall,and PC-
8, Zephyr. PC’s 9through 13 have yetto be assigned names.

The individual ship’s are named at a Christening ceremony
with a certain amount of pomp and celebration. All of this
takes planning and time to staff recommendations for selec-
tion of sponsors. For most ship programs this is initiated
when the ship is programmed in the budget. Because of the
late decision to commission PC, a lot of last minute effort has
been required. While not key to its combat capability, this
effort still requires early attention.

Hull Numbers

NAVSEA PMS300 assigns hull numbers for all boats and
craft. This hull numberusually consists of fourcomponents;
Length, boat/craft type, fiscal year, and hull number. For
example, the first 36 foot Landing Craft Personnel, Light
(LCPL)awarded in Fiscal year 1992 would have 36P1.9201
as a hull number.

The Secretary of the Navy designates ship classificationand
type designators (ie. CVN for Multi-purpose Aircraft Car-
rier Nuclear-Propulsion). Type designators are assigned
and listed in Secretary of the Navy Instruction (8]. NAVSEA
maintains a record of hull numbers for each type designator,
after reviewing the history of assigned numbers under the
ships type designator, NAVSEA assigns the ships hull
number [10] which becomes a part of the hull markings.

PC-1 had ber keel laid (22 June 1991) less than three weeks
afterthe decisionto commission (5 June 1991)and SECNAV
bad not assigned the hull markings for the ship class. Prior
to the commissioning decision, the PC-1 hull number was
“170PBC9001” as assigned by NAVSEA PMS300. The
programoffice knowingthat the current hull numbers would
be incorrect had to anticipate the SECNAYV assigned hull
markings. This resulted ina change from “170PBC9001” to
“PBC-1” and PC-1 had “PBC-1” stamped in herkeel during

her keel laying ceremony on 22 June 1991. Since several
other PC’s were under construction priorto the commission-
ing decision, many structural components for PC’s 1 through
3 have various numbers and identifiers marked in their
frames, deck plates and shell plates in order to identify one
ship’s components from another’s. A contract modification
was required to change future hull numbers, and to correct
drawing and technical manual titles.

Further, the Fleet Introduction Team for PC Class ships, was
identified as “PBC FIT NEW ORLEANS” for quite some
time after the commissioning decision.

Specifications

Boats and craft are procured using several different types of
specifications such as: Boat/Craft Specification, Circular Of
Requirements (COR), Commercial Specifications, and Top
Level Specifications (TLS). When a specification is gener-
ated for the prospective solicitation, it begins with the
Standard specification for building boats and craft (Standard
Spec) [11]. The Standard Spec is tailored to meet the unique
mission requirements of the boator craft. The Standard Spec
was developed by NAVSEA PMS300 and NSCSES and is
the small boat version of the Navy’s General Specifications
for Ships Of The US Navy (GENSPECS) [12].

Ship specifications are generated by NAVSEA using
GENSPECS as a bascline. GENSPECS are tailored to meet
the specific mission requirements of the ship. GENSPECS
was developed by NAVSEA in order to provide basic ship
requirements and set standards for US Navy ships.

The PC was procured as a Non-Developmental Item, and the
program office decided to use a TLS and a COR for
procurement. Since commissioning was not even under
discussion at the time the TLS was being prepared,
GENSPECS did not come into play and the TLS was a
derivative of the Standard Spec. These documents identified
minimally acceptable standards which, each offerors pro-
posal was required to meet. Each offeror was sequired to
generate a specification for the PBC, which upon contract
award, became the contract specification. Under this pro-
cess, the PC’s are tailored to commercial standards such as
United States Coast Guard, American Bureau of Shipping
(ABS)and Institute of Electrical/Electronic Engineers (IEEE)
standards. This will resultin a challenging effort to trial and
accept PC for Naval service. The clear “checklist” of
GENSPECS does not exist for PC and some subjective
judgement will be required as to the acceptability of the PC
design.

Unit Identification Code (UIC)

A Unit Identification Code (UIC) identifies all DOD activi-
ties through a 6 digit alpbanumeric code. Navy activities’
codes begin with a letter “N” followed by a 5 digit identifier.
NAVSEA'’s, you may all recognize, is NO0024. One of the
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many uses of the UIC is to identify funds fora particular ship
or field activity, for example, outfitting funds are identified
by UIC. There are other uses of the UIC, such as Configu-
ration Management, that are important throughout the units
life cycle but these are not addressed here.

In general, boats and craft don’t get individual UICs. Each
will eventually use the UIC of the organization or command
to which it is assigned. Ship’s boats will use the ship’s UIC
and boats assigned to shore activities will use the shore
activity UIC. However, before a boat is assigned to a
command, the Navy assigns a generic UIC to the particular
class of boats in order to identify outfitting funds for the
class. NAVSEA orders outfitting material using funds
identified under the generic UIC and has the material
shipped to the boatbuilder.

Ships on the other hand, will be assigned their own UIC.
Similar to the boat and craft procedures, NAVSEA orders
parts using funds identified undera UIC, butunlike boats and
craft, each ship will have a different UIC. This ensures that
outfitting materials are properly identified and accounted to
each ship.

The PBC, as a boat, was assigned a generic UIC for the class
under which outfitting funds were identified. Eventually
each PC ship was assigned a separate UIC, however outfit-
ting funds could not be moved from the generic UIC to each
ships UIC. To order outfitting materials, NAVSEA must
orderoutfitting material under the generic UIC for the class,
then ship the materials under each individual ships UIC to
the shipbuilder. Special provisions had to be made because
the PC’s unique genesis from a boat to a ship that resulted
working with both the generic UIC for the class and each
PC’s individual UIC for outfitting material.

This is not only one more example of the differences
between ships and boats, but it is also an area where early
attention may prevent establishment of the generic UIC or
perhaps allow correction before the initial material orders
are debited to the generic account.

Models and Mockups

Boats and craft do not require a review of models and mock-
ups and this type of review is not normally performed. In
many cases, prototypes or first articles of boats or craft may
be built which undergo first article testing. These tests can
result in configuration changes to the prototype or first
article, which are then reflected in the follow-on craft.

Ships are generally required to have a review of models and
mock-ups. Spaces typically selected for this review are the
Combat Information Center, Communications space, En-
gine Operating Space, and bridge arrangements. For PC, a
CNO tcam reviewed and approved these arrangements to
ensure that they are functionally adequate to support the
operations of the ship.

Fortunately, the PC had a contract requirement for the
winning contractor to present models and mock-ups for
Navy review. This requirement resulted from the NDI
nature of the programand the factthat the Navy had notdone
a contract design package for these spaces. It was decided
to have the contract requirement for a Navy review made
intoa CNO review inorder to get operator approval for these
key command and contro! spaces.

This review resulted in one of our largest Enginecering
Change Proposals (ECP)to date. This s attributed to the fact
that the models and mock-ups review team looked at the
craft from a ship handling, command and control viewpoint
rather than a boat viewpoint. The concept that “Ships are
conned” was prevalent during this review, while the PC was
designed to the concept that a boat is driven.

Testing

Boats and craftare tested in many different methods depend-
ing on the procurement method used and the boats mission
requirements. Some boats are tested using prototypes or first
article testing, to ensure the boat meets it’s mission require-
mentand some are tested in Builders and Acceptance Trials.
For combatant craft, many times the Commander of the
Operational Test and Evaluation Force will perform opera-
tional tests. For craft which are tested in Builders Trials and
Acceptance Trials, the trials team normally consists of
NAVSEA PMS300, NSCSES and SUPSHIP (or DCMC)
personnel, aided by other field activities as required.

Ships are required to go through very formal testing program
starting with Builders Trials and Acceptance Trials. The
Builders Trial team generally is made up of SUPSHIP
representatives supplemented with additional expertise as
required. Acceptance Trials are performed under the pur-
view of the Board of Inspection and Survey. After delivery,
the ship is typically tested in accordance with the total ship
test program which may include EMI and shock testing,
magnetic signature survey, structural test firing of weapons,
and other tests. Final contract trials are held just prior to the
ships Post Shakedown Availability. Additionally,
COMOPTEVFOR performs Operational Tests on a ships
weapon systems and Follow on Test and Evaluation on the
ship itself.

The PC will undergo Builders Trials and Acceptance Trials
as a typical ship. However, the PC was not built to
GENSPECS which is typically the bible for these inspec-
tions. While CNO hasadvised [7] that they will waiver those
items beyond the ships specification with the exception of
mission critical and safety items, it remains to be seen how
well this process will work. Avoidingthe possibility thatthe
PC would be built to one set of standards, yet tested to
anotherstandard was a primary concernof NAVSEA [3] and
the programoffice during discussions that led to the decision
to commission.
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Certification

Boats and craft have very few certification requirements
compared toships. Boatand craft certificationrequirements
include things such as compatibility with a davit and certi-
fication for air transport. Combatant craft also require
weapons certifications. Operators must be trained, but
certification for lighting off the engines is not required and
On-The-Job training at the squadron canbe a significant part
of the training.

Ships have more stringent certification requirements, start-
ing with a Light Off Exam (LOE) which certifies that the
crew is adequately trained to run the propulsion plant and
other ship systems. The crew is not authorized to light off
the plant prior to passing the LOE and therefore On-The-Job
training is not an acceptable approach to training. Other
ships certification requirements include, but are not limited
to the following: Electro-Magnetic Interference (EMI)
survey and certification, Shock, Weapons, radiationsurvey,
magnetic survey, depending on the requirements imposed
by the ship’s Operational Requirement document.

The PC, will be certified through an LOE similar to that of
a ship. Because the PC is designed to tailored commercial
standards, certification requirements not directly assaciated
with safety or the PC’s mission requirements, are not
invoked. For example, the ship certifications identified
above are not required for commercial ships, so the PC will
be tested to the certifications identified in the Operational
Requirement.

Getting this agreement up front with OPNAV is key to
avoiding problems later. While agreement was reached with
regard to Acceptance Trials is was not clearly stated that this
philosophy was to be followed for LOE. The OPNAYV letter
stated PC would have “LOE & OPPE (like) exams™. This has
evolved into a formal LOE for PC-1 and unlike AT & FCT
there is no established waiver process for LOE. The full
impact may not be known until this summer when PC-1
undergoes LOE.

Boats and Craft are not normally duty stations and do not
have Navy personnel assigned to them. Maintenance per-
sonnel and operators are usually assigned to the boat or
craft’s parent command. The various personnel administra-
tive requirements are also supported by the parent com-
mand. Forexample, under Naval Special Warfare, individu-
als are assigned to a Special Boat Unit. The Special Boat
Unit Commanding Officer designates the personnel as
crewmembers of a particular boat or craft. This flexibility
allows the Unit Commanding Officerto forma crew with the
best mixture of background and experience. The crew is
then required to complete standard predeployment training
prior to deployment, during which time, significant on-the-
job training can occur. This is particularly important for a

crew that is relatively small in number.

Ships are permanent duty stations and have personnel as-
signed directly to them. All operators and masintenance
personnel are assigned to the ship on a full time basis.
Administrative functions are also bandled by the Command-
ing Officer and ships force. This has a significantimpact on
the training and the need to assure that people are fully
qualified at the time they arrive aboard ship. PC training
plans had to be regenerated to reflect this significant change
in approach to training.

The PC’s will have personnel assigned just like any ship,
with the exception that, much of the maintenance will be
performed by a shore based Maintenance Support Team
(MST). Each Maintenance Support Team will consist of 15
personnel and will support 2 PC’s. In a way these Mainte-
nance Support Team personnel will take the place of ship’s
personnel for the maintenance functions but will not come
under the direct command of the ship’s Commanding Offi-
cer. An approach of this sort is used for the PHM with all
personnel reporting to the squadron commodore. The PC’s
Maintenance Support Team however is much smaller than
the PHM support squadron and is currently assigned ona 2
ship basis. Time will tell how well this arrangement will
work in the special warfare environment. Because of the
small size of the ships force, the Commanding Officer will
have to be assisted with administrative functions by the
Special Boat Squadrons.

Maintenance

Boats and craft are maintained by their operational com-
mand. In addition to providing personnel, the command
provides funding and spare parts support. Very little main-
tenance is performed when the boat or craft is underway.
There is little room to carry spare parts and tools for
maintenance purposes while the boat or craft is underway.

Ships on the other hand will carry spare parts, tools and test
equipment in order to perform maintenance while under-
way. Ships receive funds through the Fleet Commander In
Chief and order their own spare parts. Ship systems are
designed such maintenance canbe performed while the ship
is at sea. For example, a ships firemain will have isolation
valves that allow the crew to repair or service a pipe or valve
without shutting down the firemain.

The PC, like a boat or craft has very little roomto carry spare
parts, tools, and test equipment. Spare parts are limited to
mission critical spares. Most of the planned maintenance
will be performed with the assistance of the Maintenance
Support Team while the PC is in port. Systems such as the
firemain are isolated for damage control and safety, with
isolation valves minimized for weight and performance.
This approach recognized that valve maintenance would not
be done at sea.
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This cxample highlights the fact that in any effort to add
certain GENSPECS requirements into an NDI contract ora
large boat contract as was done with PC, it is necessary to
carefully select the portions of those requirements to be
invoked. Firemains are considered to be a safety issue and
PC firemains were upgraded by contract modification.
However, all GENSPECS firemain requirements were not
safety related and a careful tailoring of the modification was
necessary.

Launch

Mostboats and craftare launched via a crane, davitortnailer.
In many cases, boats are delivered with lifting slings so that
they can be launched and recovered for storage and mainte-
nance.

Ships are launched from the construction ways, ora graving
dock. For maintenance, the ship is drydocked. Apparently,
as a result of what is typically done, a comment was made
to the effect that Navy instructions prohibit the lifting of a
ship with a crane.

The PC’s are launched using a crane. Once the decision to
commission was made, the prohibition on the crane lifting
of a Navy ship, if there was one, would have to be waived.

Because of the uncertainty of many of the other items noted
above, the Program Office spent a good deal of effort trying
to track down the source of this prohibition. No documented
prohibition was found and PC-1 was crane launched on 01
February 1992 and PC-2 on 04 April 1992. This is an
example of an effort we hope a future Program Office can
avoid by the documentation of our experience.

Summary

The CNO has demonstrated through the PBC/PC program
that a boat or craft can be commissioned as a ship. However,
as we have shown, there is a lot more to commissioning a
large boat than “a bottle of champagne”. We have pointed
out some significant differences between a ship and a boat
that must be identified and addressed as early as possible
when a commissioning decision is envisioned. Our list of
differences is by no means complete. At the time of this
writing, the first PC was under construction and the Navy
was still discovering more differences between a shipand a
boat.

With an expected down sizing of the Navy and shrinking
defence budgets, it is very possible that the Navy will turn
to smaller ships in the future. Smaller ships will share in the
challenge to identify the differences betweenships and boats
that fall on that blurred line between a small ship and a large
boat. We bope that significant lessons can be learned
through the experiences of the PC program.
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ABSTRACT

Combat system performance can be negatively influ-
enced by the electromagnetic (EM) environment in which
it operates. The shipboard EM environment is a very
demanding one which has had serious impacts on combat
system performance. In the past, combat system engi-
neers would assess combat system performance prior to
the actual integration of the combat system components
into the ship environment. This was done to identify
which combat system components would satisfy
warfighting requirements. It was generally assumed that
the system components would perform as required when
integrated into the ship. Unfortunately, this often was not
the case and as a result costly “fix-it” measures were
required after the ship was built. Today, combatsystem
engineers realize that additional combat system perfor-
mance analysis needs to be conducted while designers are
integrating the combatsystem components into the over-
all ship design. This paper will present a specific ship-
board EM environmentimpact to combat system perfor-
mance as well as how combat system engineers have
successfully managed to mitigate the severity of this
impact during the ship design process. A specific ex-
ample of the utilization of recently developed perfor-
mance models that allowed engineers to efficiently ad-
dress this problem during the LHD 5 design will also be
presented.
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NOTATIONS/DEFINITIONS/

ABBREVIATIONS

A Antenna Effective Aperture (meters
squared)

AAW Anti-Air Warfare

ASM Anti-Ship Missile
Beamwidth The width (usually measured in degrees) of
a directive antenna’s main beam

EM Electromagnetic

EMI Electromagnetic Interference

EW Electronic Warfare

G Antenna Gain

Gain

Reduction Reduction in radiating antenna’s main beam
gain specified in decibels

P Transmitted Power

PWS Plane Wave Spectrum

RAM Radar Absorbent Material

RTA Reaction Time Available

Rmax Maximum Radar Detection Range

Smin Minimum Discernable Signal

Topside Shipboard area continuously exposed to the
weather, such as main deck and above

INTRODUCTION

The topside integration of numerous electronic equipments
aboard Naval Warships poses many system engineering
challenges. The process of locating the antennas associated
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with many of these systems is a unique challenge that can
directly impact how well the systems will perform their
functions. Microwave radar antennas have been given
special attention during the ship design process because their
location can directly impact how well a radar system will
detect targets of interest and correspondingly how well the
entire combat system will perform its mission.

Recently, combat system engineers have become well aware
that the shipboard electromagnetic (EM) environment can
degrade the performance of many of our electronic combat
system components. Specifically, radarsystems are subject
to EM related performance degradation in two ways. First,
degradation may be caused by the couplingof undesired EM
energy into radar receivers (this is commonly referred to as
electromagnetic interference or EMI). The undesired en-
ergy in many instances will emanate from other shipboard
radiating systems (i.e. other radars and active EW systems).
Second, shipboard structure can have significant impacts on
the EM radiation characteristics of radar systems. Metallic
shipboard obstacles such as pole masts and yardarms (to
name just a few) will degrade a microwave radar’s antenna
radiation pattern which in turn will degrade the performance
of the radar system itself.

rd iInduced redation on LHD 8 CS Performance
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This paper will specifically address the impact that ship-
board obstacles have on radar system performance. In
addition, the impact of radarsystem degradation on Anti-Air
Warfare (AAW) Self Defense will be addressed to show the
relationship between shipboard EM effects and overall
combat system performance. An introduction describing
the impact that shipboard structures have on radar antenna
radiation patterns will be provided followed by a brief
discussion of how this degradation will impact the AAW
Self Defense Mission. Furthermore, recently developed
engineering models that were utilized to mitigate this prob-
lemduring the LHD 5 ship design will be presented. Finally,
it will be proposed that combat system engineers are in need
of additional engineering models that adequately predict
combat system performance if they are to adequately
address the problem of EMI and shipboard structure on
combat system performance during the ship design process.
This case will be made by exploring the concept of Combat
System Performance Margins and in particular how they
may be used (in conjunction with appropriate performance
models) to save costs and improve performance during the
ship design process.
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RADAR PERFORMANCE
DEGRADATION

It is a well known fact that radar performance will be
degraded when the radar“looks through” metallic shipboard
obstacles. Unfortunately, most U.S. Navy air search and
surface search radars have to “look through” shipboard
obstacles for at least a small portion of their entire scan
sectors. This is due to system engineering constraints and
tradeoffs during the ship design process which generally
don’t allow for radars to be located on top of the mast. As
a result most air and surface search radars are degraded in
performance over the specific sectors where they have to
“look through” obstacles.

The radar performance measures that are impacted by the
presence of shipboard obstacles are:

Detection Range
Firm Track Range
and
Track Accuracy

For the purposes of this discussion, we will primarily focus
upon the performance measures of Detection and Firm
Track Range.

Mltlgatlon of Shlgboard induced Dgredatlon on LHD 5 CS Performance

Ship structure will degrade radar performance through the
degradation of the search radar antenna radiation pattern.
For our purposes, the radar antenna radiation pattern may be
broken up into two regions of interest:

Main Beam Gain Region
and
Sidelobe Gain Region

Antenna gainis a well understood parameterto radarsystem
engineers and has been defined by Skolnik (reference [1])
as:

“a measure of the power radiated in a particu-
lar direction by a directive antenna to the
power which would have been radiated in the
same directionby anomnidirectional antenna
with 100 percent efficiency.”

The mainbeam region of a radarantenna is usually described
by the region where the maximum gain is achieved (this also
corresponds to the region where the radar is presently
“looking”). Thesidelobe (orsidelobes) of the radar antenna
are located outside the 3 dB beamwidth of the main beam.
This is the large region where the radar is not presently
“looking” but where there still is a small amount of EM
energy leakage. Figure (1) representsa typical radarantenna
radiation pattern where one can readily observe the main

Figure 2 - Representation of EM Scattering Phenomenon
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beam and sidelobe regions. This figure represents a single
point in time. For an azimuthally scanning radar, the main
beam region would traverse the figure from O degrees to 360
degrees.

Ship structure degrades radarsystem performance by reduc-
ing the radar antenna’s main beam gain level and increasing
(through the conservation of energy principle) the antenna’s
sidelobe levels. This is a result of the scattering of EM
energy from its intended direction (where the antenna is
currently directed) to other undesired directions. Figure (2)
shows a pictorial representation of the scattering phenom-
enon. Inthis figure, the individual lines or rays represent the
propagation of EM energy in the shipboard environment.
Figure (2) was taken from reference [3] where a more
complete description of the scattering phenomenon may be
found. One can readily see the impact shipboard structure
has on altering the direction of energy propagation. Figure
(3) gives an example of the impact of structure on the
antenna radistion pattern presented in figure (1). Through
comparison of figure (3) with figure (1), it is evident that
structure (in this case a 2 foot pole mast) can significantly
raise sidelobe levels and reduce the main beam gain level.
Foradditional examples of the impact of shipboard structure
on antenna radiation patterns consult reference [2].

on LHD 8 C8 Performance

By reviewing the simplistic form of the radar range equation,
it can be seen that the reduction in antenna main beam gain

will reduce the detection range of the radar system for a
given target of interest. It is readily apparent that the
maximumdetection range fora minimum discernable signal
decreases as antenna gain decreases.

R =( PGAc )II‘
o N (@xY Smin

Where,
A is the antenna’s effective aperture, m?
P is the transmitted power, watts
G is the antenna gain
o is the Radar Cross Section of the target, m?

Smin is the minimum received signal required to
achieve detection, watts

In addition to degrading system detection range, shipboard
obstacles will also degrade the radar system’s firm track

SOURCE ANCLE 1» degrese
Figure 3 - Degraded Microwave Radar Antenna Radiation Pattern
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range. Firm track is the range at which the radar system has
received a sufficient number of detections to be reasonably
certain that the returned signal is that of a target and not a
false alarm caused by system noise. Normally, most radar
systems will require at least two detections of a target (and
quite often more than two) before it will declare a firm track.
As a result, firm track range will always be less than initial
detection range even without considering the impact of
shipboard degradation. In the presence of shipboard EM
scattering obstacles, a radar’s firm track range will likely be
degraded in proportion to its degraded detection range.

An increase in antenna sidelobe levels also may add to a
decrease in maximum radar range performance if there
exists a noise source (i.¢.a jammer) orclutter inthe direction
where EM energy is being scattered. Anincrease inantenna
sidelobe levels is not desirable as this increases the likeli-
hood that unwanted energy will get into the radar receiver
(unwanted in that it would be coming from a direction other
than where the radar is currently looking). This (in the
presence of a jammer) will raise the noise floor of the
receiver and require a larger Smin to achieve maximum
detection range. The Smin from the target will not get larger
until the target gets closer to the radar so the result is a
decrease in maximum detection range.

ANTI-AIR WARFARE (AAW)
COMBAT SYSTEM PERFORMANCE
DEGRADATION

Addressing radar system degradation in and of itself is not
sufficient from a combat system engineering perspective
(though it would be of primary concern to the radar system
engineer). The combat systemengineer mustalso assessthe
impact of radar performance degradation on the mission
performance requirements of the ship. This is necessary to
determine whether radarsystem degradation is of sufficient
magnitude to cause deleterious effects to mission perfor-
mance. Radar performance degradation which does not
cause mission degradation is not a concern for the combat
system engineer and resources should not be expended to
mitigate that problem.

The AAW Self Defense mission has evolved into one of the
most visible, important and sensitive (from a performance
perspective) mission areas for most surface ships. To see
how radar degradation (specifically degradation caused by
shipboard structures) impacts AAW Self Defense mission
performance it is necessary to introduce the AAW mission
level performance measures of reaction time and reaction
time available.

Combat system reaction time is the time required for the
system to respond to a threat stimulus. In responding to a
threat stimulus, the combat system performs a series of
functions (sce figure (4)) that are necessary to engage the

Detection Track Jesntification
Theat etpon
Prioritzattion signment Designation q
Acquistition Engagement

Figure (4) Combat System Seif Defense Funcilons

threat. For the most part these functions are performed ina
sequential manner and the reaction time is considered to be
the time it takes for the combat system to transition from
initial target detection to actual target engagement. Obvi-
ously, it is the goal of combat system engineers to reduce
overall system reaction time.

Combat system reaction time available (RTA) defines the
amount of time the ship’s combat system has available to it
to engage a particular threat or threats. RTA is threat
dependent and will generally be greater for targets that are
detected at greater distances from the ship (and move slow)
than for targets that are detected at shorter distances (and
move fast). Obviously, the greaterthe initial threat detection
range, the greater will be the RTA. Finally, to successfully
engage the threat at minimum weapon range, RTA must be
greater than the reaction time of the combat system.

The previous discussion should make it apparent that detec-
tion range (as well as firm track range) is critical to the
performance of the AAW Self Defensc mission. If detection
range is significantly reduced then it is possible that RTA
will be less than the overall combat system reaction time
required to respond to the threat. Now one can readily see
how the shipboard EM environment (and associated struc-
tural impacts) can directly impact an overall combat system
mission objective. The combat system engineer has to
ensure that the shipboard environment does not decrease
RTA such that it falls below the reaction time of the
shipboard combat system.

APPLICATION OF ENGINEERING
MODELS TO SHIP DESIGN

Plane Wave Spectrum (PWS) Model
Applicationto LHD 5

As a result of the heightened awareness of the deleterious
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affects of shipboard structure on radar performance and
overall combat system performance, combat system engi-
neers in NavSea 06K decided to implement the PWS model
during the LHD S preliminary design phase. The PWS
model is an Antenna Radiation Pattern Prediction model
which was developed to address the impacts of shipboard
structure on an antenna’s radiation pattern performance.
Specifically, it predicts main beam gain reduction caused by
shipboard obstacles as well as corresponding sidelobe level
degradation. A detailed description of the theoretical foun-
dation for the PWS model can be found in reference [4].
Reference [6] provides specific user, validation and addi-
tional theoretical information for the PWS model. The
objective in utilizing this model was to optimize the overall
radiation pattern performance for the AN/SPS-48E radar
thereby optimizing its overall detection capability as in-
stalled aboard ship. The PWS model assisted in this effort
by allowing engineers to efficiently predict gain reduction
to the 48E’s main beam as well as to predict the correspond-
ing radiation sidelobe levels.

From the perspective of a Radar System Engineer, it would
have been very desirable to locate the AN/SPS-48E radar
antenna on top of the mast on LHD 5. This would have
greatly reduced any structural impacts on the 48E radiation
pattern. Unfortunately, due to other competing combat

system requirements as well as weight and moment impacts,
it was impossible to locate the antenna at that location.

The initial engineering analysis addressed the impact of ship
structure on SPS-48E performance for the LHD 2 design.
This effort was conducted because it was initially planned to
locate the 48E antenna (on LHD 5) in the same location that
it was located on LHD 2. It was apparent that the most
significantimpactof shipboard structure would be caused by
a4foot pole mast located directly aft of the 48E antenna. By
performing optical analysis, it became apparent that ship-
board structure would impact the antenna’s main beam over
a sector from 120 to 240 degrees.

It was decided that a Gain Reduction analysis would be
conducted over this sector at 0 degrees in elevation as this
would likely correspond to the elevation of an “in-coming”
anti-ship missile threat. The analysis showed that signifi-
cant main beam gain reduction would occur to the 48E if it
were located as it was in the LHD 2 design. The gain
reduction (see figure (5)) was due in large part to the 4 foot
diameter pole mast located just aft of the radar’s antenna. A
similar pole mast located further aft also contributed to the
steep increase in gain reduction between 170 and 190
degrees. While there was little that the combat system
engineer could do about the aft pole mast, the combatsystem

48E MAIN BEAM GAIN REDUCTION

FOR LHD 2 AND LHD 5 DESIGNS
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Figure 5 - Gain Reduction to AN/SPS-48E
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engineer was able to influence the location of the 48E
antenna within defined constraints. By being able to quan-
tify the impact of structure on antenna radiation pattern
performance, the combat system engineer was now in a
position to provide a more serious case for the relocation of
the 48E antenna.

The proposed alternative location for the 48E’s antenna
required a redesign of the forward pole mast such that it
could support the weight of the antenna. This new location
negated the effects of the forward pole mast by essentially
locating the antenna on top of it. A new stub mast (1 foot
indiameter) was now located directly aft of the 48E antenna
(it was added to support the Combat DF and TACAN
antennas) and its effects were relatively minor when com-
pared to the large pole mast. Simply put, this is because the
1 foot diameter stub mast “blocks” a smaller percentage of
the antenna aperture than does the 4 foot diameter pole mast.
Therefore, less energy will be reflected away from the
antenna’s pointing direction. Figure (5) shows the new
values of gain reduction to the main beam of the 48E caused
by the stub mast. One can readily see the reduction in
severity of the gain loss as well as in the extent (overall
azimuth extent) of the gain loss. It is apparent from the
analysis that there is improvement to the 48E’s main beam
gain by relocating the antenna.

The other function of the PWS model is to predict the overall
impact of shipboard structure on an antenna’s radiation
pattern. The degradation to the 48E’s radiation pattern did
not appear to improve from the LHD 2 to the LHD 5 design
cven though the gain reduction was reduced significantly.
Figure (6) represents the sidelobe levels for both the LHD 2
and 5 designs when the antenna is pointing directly aft (180
degrees). Note that they don’t vary much in amplitude even
though there is a considerable difference in the main beam
gain reduction at 180 degrees. This seems to validate the
concept that the shape of structure is a relatively more
important consideration than the size of structure when
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assessing the impact of structure on an antenna’s sidelobes.
It was decided that instead of reshaping the stub mast, better
improvement could be obtained by applying Radar Absor-
bent Material (RAM) to its surface area.

Radar Model Application to LHD 5

The NavSea 06K radar model was developed to analyze the
impacts of the shipboard EM environment on radar system
performance. The model specifically accepts EMI levels,
antenna main beam gain reduction and antenna sidelobe
levels as inputs. These are classified as ship impact inputs
to the model and are in addition to the more conventional
radar parametric inputs that are required to model any radar
system’s performance. NavSea 06K engineers utilize this
model inassessingthe impacts of the shipboard EM environ-
ment on radar detection range, firm track range and tracking
accuracy. Reference [5] gives a detailed description of the
radar model’s capability.

Due to the classification of the analysis results for the AN/
SPS-48E radaraboard LHD 5, itis not possible to present the
absolute results in this paper. So that this paper may provide
insight into the type of results and data produced by the
Radar Model and how that data may be used by engineers,
relative detection range results against a generic type anti-
ship missile threat will be presented. These output results
will include the impacts of main beam gain reduction
calculated previously by the PWS model. It is hoped that
these unclassified results will give the reader a good feel for
how the Radar Model was used in conjunction with the PWS
mode] during the LHD 5 design.

Figure (7) shows the relationship in SPS-48E detection
range performance for the case where the antenna is directed
aftat 180 degrees forboththe LHD 2and LHD 5. The curves
represent probability of detection versus range for an Anti-
Ship Missile (ASM) type target. Actual target parameters
cannot be given due to their classification. The improved
radar detection performance seen for the LHD 5 is a result
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of the lower main beam gain reduction value that would be
expected in the LHD 5 design based upon the PWS model
analysis.

could still be achieved without improvement to the 48E’s
detection performance, it would not be advisable to expend
the resources.

AAW SELF DEFENSE COMBAT s
SYSTEM PERFORMANCE e
ASSESSMENT
d he PWS and Radar model = 1
The previous discussion on the an ar e
applications to the LHD 5 design emphasized the AN/SPS- a1 \
48E radar detection range improvement that was possible to Time
achieve. While engineers were concerned with optimizing LHD 2 Engagoment 1
the radar’s detection performance in the LHD 5 environ-
ment, the ultimate decision in expending resources (modi- %::""
fying LHD 2 pole mast design) was based on the impact of  pAvgligble
the improved detection performance on the AAW Self
Defense Mission requirement. If it were shownthatthe LHD LHD § Engagement 2
5’s Self Defense Mission requirement could not be met 1HD 2 Engagoment 2
unless the 48E’s detection performance were improved to 0 § € '3
that achievable by the pole mast redesign, then it would be
advisable to proceed with the design modification. On the o LW 2 MAX o
otherhand, ifthe LHD 5’s Self Defense Mission requirement Range
Figure (8) Fire Power Engagement Graph
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Figure (8) represents a self defense engagement fire power
curve that identifies the number of times the combat system
can engage an “in-coming” ASM target. This figure has
been considerably sanitized of classified information but is
still able to convey that for a specific ASM threat velocity,
there is considerably more reaction time available to the
combat system when the improved AN/SPS-48E dctection
performance is considered. This additional reaction time
available allows the self defense combat system to engage
the ASM an additional time. By being able to engage the
ASM three times instead of two, the overall LHD 5 self
defense probability of kill requirement was now achievable.
Consequently, it was deemed appropriate to proceed with
the LHD 2 pole mast redesign for LHD 5.

COMBAT SYSTEM PERFORMANCE
MARGINS

During the concept design stage fora Naval Warship, one of
the responsibilities of the combat system engineering com-
munity is the identification of available combat system
components (i.e., radars, weapons, computers, etc) that meet
established combat system mission requirements. This pro-
cess involves the identification of functional performance
measures and the specification of associated functional
performance requirements. Forinstance, functional perfor-
mance measures such as Detection Range, Acquisition
Range, System Reaction Time, and Target Kill Range are
a set of performance measures that are often associated with
the combat system mission area of AAW Self-Defense.
Combat system engineers apply quantitative requirements
to those functions by evaluating prospective combat sysiem
mission scenarios. As an example, the combat system
engineer might establish a detection range of X nautical
miles and an overall combat system reaction time of Y
seconds in response to an envisioned worst case battle
scenario. Then, the process has generally evolved to “pick-
ing” the best available combat system components to meet
the performance requirements.

Traditionally, the process of “picking” the appropriate
system components which best meet the performance re-
quirements has been the last time combat system perfor-
mance analysis has been performed. Generally, it has been
assumed that the performance associated with a particular
combat system component will remain the same when
installed aboard ship. Unfortunately, as we have seen the
shipboard environment will indeed degrade combat system
component (i.e. radar) and overall combat system mission
performance (i.e. AAW Self Defense) in many cases. The
Concept of Performance Margins is now introduced to
provide additional rationale for developing and implement-
ing combat system performance models that appropriately
model system performance measures in the shipboard
environment.

A performance margin suggests that there is “room” fora
particularsystem’s performance to degrade while still being
able to meet its performance objective. This implies that the
system was designed to perform “better” than what was
originally required. For systems that were designed to
perform multiple functions, it is conceivable that they may
perform less stressful functions better than required. An
example relating to the AAW functions of Detect and
Acquire is presented to further illustrate the concept. Typi-
cally asurveillance radaris utilized in performing the AAW
Detect function. Surveillance radars generally have long
range detection capabilities which support other combat
system mission objectives. Fire Control radars are utilized
to Acquire the target once it has beendetected and generally
have shorterdetection ranges than surveillance radars. Ifthe
surveillance radar were degraded in its detection perfor-
mance by an EM effect such as structural interference, it
would not necessarily be a problem as long as the surveil-
lance radarcould still detect the target ata range greaterthan
the fire control radar. As long as the surveillance systemcan
detect the target before the acquisition system can acquire it,
the mission objective will still be met (of course this
presumes that there has been no degradation in performance
to the acquisition system).

The presentation of this rather simplistic example of the
performance margin concept is intended to convey that it is
not always appropriate for combat system engineers to
expend resources in improving a system’s performance
(radar system in our example) in its shipboard environment
if there is an adequate performance margin available. It
should be apparent to the reader that without having the
means to translate shipboard environmental influences such
as EM degradation effects into reliable performance degra-
dation estimates for the affected system, it would be rather
difficult (if not impossible) for the combat system engineer
to determine whether or not an improvement to the combat
systemintegrationdesign is needed. Unfortunately, without
reliable combat system performance models, the combat
system engineer is left with the option of doing nothing and
hoping the ramifications are not serious (i.e. an adequate
performance margin is available) or trying to correct any
perceived problem whether or not it is really necessary and
potentially expending unnecessary resources in the process.

SUMMARY

Combat system engineers must ensure that individual com-
bat system components are integrated into the shipboard
environment so that overall combat system mission objec-
tives will be met. This paper has presented a specific
shipboard EM environmental influence relating to ship-
board structural impacts on radarantenna radiation patterns.
It was shown how shipboard obstacles can impact radar
system performance through the scatteringof the radar’s EM
energy in undesired directions. More importantly (from a
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combat system engineering perspective) it was also shown
bow degraded radar performance will degrade combat sys-
tem mission level performance.

NavSea 06K has developed a number of engineering models
that assist the combat system engincer in mitigating the
impact of the shipboard environment on combat system
performance. Two of these models were presented and it
was shown how they were used during the LHD 5 design to
improve AN/SPS-48E radar performance as well as ovenall
AAW Self Defense performance. Itis important to note that
the utilization of these models during the shipdesign process
potentially saves the Navy significant resources as combat
system performance problems can be identified early onand
costly post design “fixes” can be avoided.

Through the introduction of the combat system performance
margin concept, it was argued that system performance
degradation doesn’t always prevent the shipboard combat
system from meeting its mission objective. A case was made
for the combat system engineering community to utilize
system performance models more regularly during the latter
stages of ship design (as opposed to just during the concept
design stage as has been traditionally the case). By exercis-
ing system performance models that adequately address the
impacts of the shipboard eavironment, the combat system
engineer will be able to make a cost effective decision as to
whether or not a modification in the design is actually
needed.
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Abstract

This paper addresses the NAVSEA approach to automate
and significantly accelerate the shipboard damage control
decision process.

The volume and complexity of the data required to support
Damage Control decision making has defied attempts at
manual management. Today’s Damage control personnel
utilize large diagrams displaying ship arrangements and
systems, and plot the presence of casualties and damage
control progress with grease pencils. Communications are

accomplished by phone or messenger. Recent experiences
in the Falklands Islands and in the Persian Gulf have shown
thatimproved weapons accuracy and speed of delivery have
increased the need to respond more quickly and correctly to
the effects of damage caused by those weapons.

The Integrated Survivability Management System (ISMS)
will significantly enhance the Damage Control process by
mergingtraditional survivability efforts with improved com-
munications and computer support. ISMS will provide
improved coordination of information among command
locations, including the bridge, Combat Information Center
(CIC), Damage Control on-scene leaders and personnel
stationed in Damage Control Central (DCC) and the Dam-
age Control repair stations. ISMS will be survivable and
reliable. Itwill provide sensing, communicationand display
of information to support analysis, planning, decision mak-
ing and control. This will accelerate the damage control
process, minimizing the spread of damage and maximizing
the remaining mission capability of the ship.

Prototype portions of ISMS are now atsea on selected ships.
NAVSEA is working closely with the Fleet to ensure that the
man-machine interface is optimized. Since ISMS is in-
tended to be an evolutionary system, the plans call for near,
mid and far term Fleet implementation.
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NOTAT'ONS/DEF'N'T'ONS/ PCO Prospective Commanding Officer
ABBREVIATION PKP :’::r)ple-K-Powder (Potassium bicarbon-
ADM Advanced Development Model PQS Personnel Qualification System
AFFF Aqueous Film Forming Foam PX0 Prospective Executive Officer
CBR Chemical, Biological, Radiological RM&A Re.li.ability, Maintainability and Avail-
CBR-D Chemical, Biological, Radiological ability
Defense TAO Tactical Action Officer
c3 Command, Control, Communications TOR Tentativ? Opcm.ting.l%equircmcnt
CCOL Compartment Check-off List TSS Total Ship Survivability
CIC Combat Information Center UPS Uninteruptable Power Supply
CNO Chief of Naval Operations WIFCOM Wire-free Communications
Cco Commanding Officer
COMOPTEVFOR BACKGROUND
Commander Operational Test and
Evaluation Force In recent years ship survivability has been challenged in
CPS Collective Protection System incidents involving USS STARK, USS SAMUEL B. ROB-
CSMC Combat Systems Maintenance Central  EpTs, ysS PRINCETON and USS TRIPOLL All of these
CSoow Combat Systems Officer of the Watch  pjp curvived initial weapon damage, and after repairs were
DC Damage Control ) returned to service. This performance is a reflection of
DCA Damage Control Assistant passive survivability features built into NAVY ships and
DCAMS Damage Control Asset Management highly effective damage control measures that were taken.
System Today, the world is increasingly becoming divided into
DcC Damage Control Central relatively small, often beiligerent countries, that have access
DCMS Damage Control Management System 4, jncreasingly more powerful weapons including indis-
DCTT Damage Control Training Team criminately used Chemical, Biological and Radiological
gfr);c gev'e;ogm?nt gptlonshpépcic (CBR) weapons. (ur Navy can expect continued exposure
avic faylor Rescarch Lenler to traditional or even more powerful threats. Ship surviv-
EDM Engjneering Development Model ability, including damage control, must continue to improve
g:fp gec:mmagne?c ;'::f'f""'“ at a higher rate to enable ships to cope with faster, more
ETR Es:icn:lot':: %:nlecto Cs:)entrol and accurate and more powerful weapons.
Reconfigure Damage control includes all procedures, ship design fea-
FSED Full Scale Engineering Development tures and on-board equipment necessary to minimize and
GFE Government Furnished Equipment containthe effects of casualties; restore vital Hull, Mechani-
GF1 Government Furnished Information cal and Electrical services; improve stability; exclude and
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decontaminate CBR agents and protect personnel.

Damage control management consists of information acqui-
sition, processing and display necessary to provide com-
mand, control and communications for damage control
decision making by the battle organization under casualty
conditions. Damage control management is traditionally
performed manually; that is, communications, investiga-
tions and decision making are totally made by the human
element.

The major deficiency inthe way we conduct damage control
today is the time involved from the identification of damage
to the corrective action taken in controlling damage and
restoring mission capability. A secondary, but not insignifi-
cant, deficiency is our inability to know the actual condition
(ic., load status and resultant inherent stability) of the ship
prior to, and immediately following, actual damage.

In addition, modern ship combat, propulsion, electrical and
auxiliary machinery systems have become have become
increasingly complex, supported by computer programs,
flexible as to configuration and alignment and have become
more time sensitive with marrower tolerances for precision
control. The increasing sophistication of these systems has
not yet been accounted for in damage control (DC) informa-
tion and decision aided management systems.

The objective of damage control is to achieve the highest
potential of maintaining operational readiness and to pre-
serve the warfighting capability of the ship, both in hostile
and peacetime environments.

To better understand what ISMS can do for the damage
control organization to enhance ship survivability, it can be
looked at relative to a major conflagration. A major
conflagragation is damage of a magnitude that cannot be
readily handled by the conventional damage control organi-
zation; therefore, all hands participation is required to save
the ship. The ship will have lost many damage control
systems as well as experienced mass personnel casualties.
Using the lessons learned from the USS STARK we clearly
see the need for development of an integrated survivability
management system.

USS STARK'’s major conflagration has been well docu-
mented in the Formal Investigation, NAVSEA Lessons
Learned Package and the first hand accounts from crew
members of USS STARK, USS LASALLE and USS
CONYNGHAM. The need for ISMS can be first seen when
the crew begins damage assessment of the impact of the
missile hits (the trajectory and explosion damage radius),
the building of the conflagration and total damage inflicted
from fires and flooding as a result of primary and secondary
damage. A centralized assessment was almost non-existent
during the first several hours of this incident, which almost
instantaneously, was a major conflagration.

Sustained damage included severe structural stress, fires

with temperatures above 2000 degrees F, flooding of large
centerline compartments, ship’s stability approaching the
dangerangle, almostone-third of the crew killed orwounded,
uncontrolled vertical fire spread, loss of vital systems in-
cluding firemain and command communications systems.
The physical location of the fires and structural damage
actually divided the ship into isolated segments with com-
munication networks between segments almost nonexistent.
Although the ship was saved by heroic damage control
actions by the crew and rescue and assistance units a
centralized control of these actions took hours to develop.

The Integrated Survivability Management System (ISMS) is
being developed to significantly improve our performance
in these areas. Since damage control not only addresses
efforts taken after damage occurs, but also includes efforts
made to ensure that the ship is in its most survivable state
priortodamage, ISMS will be designed tosupport both parts
of the damage control effort, particularly the management of
damage control.

In order to understand and fully appreciate what ISMS will
actually do for the Navy, we must first understand how the
current damage control process works. We will break it
down as follows:

(a) the damage control organization
(b) the damage control process
(c) the damage control management.

Then we will introduce ISMS, describe how it will function,
and discuss the near and far term program.

DAMAGE CONTROL
ORGANIZATION

Shipboard damage control is a process carried out by a
significant portion of the shipboard organization. The
Condition I (General Quarters) battle organization which
supports damage control is shown in Figure 1. {1] These
decision making stations are organized and integrated to
accomplish specific functional tasks. Many of the func-
tional tasks are accomplished by more than one station, and
are all supported by, primarily, a manual management
system. A management system must support information
transfer between these stations and desisions made at these
stations.

The Commanding Officer (CO) has the responsibility of
maintaining his command in a state of maximum effective-
ness for war service, and after battle or action, to immedi-
ately repair damage and exert every effort to prepare his
command for furtherservice. The CO has the functional task
to continuously remain appraised of the damage control
situation, and to redirect damage control evolutions in
response to the tactical situation. Accurate communication
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Integrated Survivabliity Management System Loeser/Herman/Davison/Flood

Receive and evaluate information from repair
parties.

Inform command of conditions affecting the
material condition of the ship, including buoy-
ancy, list, trim, stability and watertight integrity.

Initiate orders to repair parties, as necessary, to
direct control of damage. Support the coordina-
tion/direction of damage control actions among
repair parties and other damage control stations
to restore the ship’s weapons systems, mobility
and other mission capabilities to enable the ship
to continue to fight.

Obtain command approval for those damage
control measures that require the CO’s approval.

Control watertight integrity, flooding,
counterflooding and dewatering.

Maintain two way communications with repair
parties, engineering control, CIC, CSMC, bridge,
medical and support control (and debarkation
control, aircraft control, well deck control,
conflagration stations, and ballast control when
provided).

Maintain an up-to-date casualty board showing
the damage sustained and corrective action in

progress.

Maintain a stability board showing liquid loading,
the location of flooding boundaries, effect of list
and trim caused by flooded compartments and
corrective actions taken with regard to stability.

Maintain a list of preplanned routes for ready and
deep shelter, combat system casualty control,
battle dressing and battle logistics.

Maintain a graphic display showing action taken
to correct disrupted or damaged systems.

Maintain a closure log showing the state of
closure of the ship.

Maintain a CBR contamination prediction plot.

TABLE 1
FUNCTIONS OF DAMAGE CONTROL CENTRAL

to him, in a timely manner, directly affects his decision
process. In Condition I the CO is typically located in either
the Combat Information Center (CIC) or the bridge as
dictated by the current defensive posture and internal ship
conditions.

Damage Control Central (DCC) is the nerve center for

Type and location of fires and when extinguished.
Presence of dense smoke and when cleared.

Location, rate, depth and cause of flooding, and
when controlled.

Type and location of weakened structure, and
when shoring is completed.

Any electrical power loss to equipment and
rigging and energizing of casualty power.

Any ruptured piping which may affect vital
systems or cause flooding.

Any personnel casualty that will affect the
performance of a battle station.

Any damage that affects watertight integrity.

Location and intensity of radiation hot spots and
when decontaminated.

Table 2
REPORTS FROM DAMAGE CONTROL CENTRAL
TO THE COMMANDING OFFICER

damage control activity and the point of coordination with
command and the other damage control stations shown in
Table 1. This is the Damage Control Assistant’s (DCA’s)
battle station. When the ship is at Condition I the DCA
reports directly to the CO. He informs the CO of conditions
and potential conflicts that affect the ship’s ability to con-
duct its mission. The DCA must also accurately assess the
impact of damage to the ship and informs the CO of his
recommendations for mitigation. Coordination of all hands
is paramount to effectively contain and control weapon
induced and/or accidental damage. The key to doing this is
proper coordination by the DCA of all resources available to
him. Table 2 shows the types of reports made by the DCA
to the CO.

Repair parties, the functional clements of the damage contol
organization, are located at repair stations and report di-
rectlytothe DCA. A repairparty is a groupof approximately
15-30 trained personnel located at one of several stations
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Evaluate and correctly report the extent of
damage in the area to DCC.

Maintain a graphic display board showing
damage, and action taken to correct disrupted or
damaged systems.

Make repairs to electrical and sound powered
telephone circuits.

Administer first aid and transport injured person-
nel to battle dressing stations without seriously
reducing the damage control capability of the

repair party.

Detect, identify, measure dose and dose-rate
intensities from radiological involvement, survey
and decontaminate personnel and areas.

Detect and identify chemical agents and decon-
taminate areas and personnel affected as a result
of biological or chemical attack.

Control and extinguish all types of fires.

Assist the DCA in maintaining stability and
buoyancy by:

Repairing damage to structures, closures or
fittings that are designed to maintain watertight
integrity, by shoring, plugging, welding, caulk-
ing the bulkheads and decks, resetting valves and
blanking or plugging lines through watertight
subdivisions of the ship.

Sounding, draining, pumping counterflooding or
shifting liquids in tanks, voids or other comparnt-
ments.

Maintain two way communications between the
repair party leader and repair party personnel
involved with damage control. Maintain two
way communications with DCC and the other
repair parties.

Maintain and make emergency repairs to vital
systems within their area of responsibility, such
as HVAC, compressed air, internal communica-
tions and electrical systems.

Provide casualty power to vital electrical equip-
ment.

TABLE 3
SPECIFIC REPAIR PARTY FUNCTIONS

which contain damage control communications and man-
agement support cquipment. A repair party officer com-
mands the repair station. Damage control tools and equip-
ment are stowed in the station and in the surrounding area.
A typical destroyer will have three or four damage control
repair stations, a carrier will typically have more than ten.
The destroyer’s repair stations are located forward, aft and
amidships. Each of the repair stations has responsibility for
containing damage, extinguishing fires and restoring vital
Hull, Mechanical and Electrical (HM&E) services initsarea

REPAIR PARTY 3
Provide backup to crash and salvage repair team.

Maintain two way communications with aircraft
control (if provided).

REPAIR PARTY 5

Maintain, make repairs or isolate damage to main
propulsion machinery.

Assist in the operation and repair of the steering
controls systems.

Relieve ship’s propulsion personnel in the event
of casualties.

Maintain an engineering casualty control status
board showing the condition of readiness of
main propulsion and principal auxiliary machin-
ery.

TABLE 4
ADDITIONAL FUNCTIONS OF SPECIAL REPAIR
PARTIES

of the ship. Ona three repairstation ship the amidships repair
station protects the propulsion spaces while the remainder of
the ship is geographically divided equally between the
forward and after repair stations. Larger ships have addi-
tional repair stations arranged such that each repair station
has responsibility for a reasonable portion of the ship. When
a casualty is detected, the repair party will take action
immediately, and the repair party officer will inform the
DCA of the actions taken and of the ship’s condition. The
DCA will provide command and control necessary to inte-
grate the individual repair party’s actions with the total ship
operation. Repair parties may share resources such as tools
and people to provide them where needed to effectively
combat the casualty. Repair party functions are listed in
tables 3 and 4.

Engineering control is under the leadership of the Engineer
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Evaluate and correctly report the extent of
damage in area of responsibility to DCC and
command.

Maintain two way communications with DCC,
command and Repair Party 5.

Coordinate and direct the damage control action
of Repair Party S.

Maintain a graphic display board showing
damage and action taken to correct disrupted or
damaged main propulsion or auxiliary equip-
ment or services.

Control and extinguish all types of fire in desig-
nated main propulsion and auxiliary compart-
ments.

Control and restore main propulsion and auxiliary
equipment and services casualties.

TABLE 5
ENGINEERING CENTRAL DAMAGE CONTROL
FUNCTIONS

Direct and coordinate the damage control actions
of CSMC, including combat systems
reconfiguration and repairs.

Maintain an up-to-date casualty board showing
the damage sustained and corrective action in

progress.

Maintain two way communications with CSMC,
DCC and aircraft control (if provided).

Report all combat system casualties to the
command, DCC and CSMC.

TABLE 6
COMBAT INFORMATION CENTER DAMAGE
CONTROL FUNCTIONS

Officer who manages the operation, maintenance and repair
of main propulsion and auxiliary equipment and services
during battle conditions. Damage control related functions
are contained in Table 5.

Combat Information Center (CIC) is under the leadership of
the CO, Combat Systems Officer of the Watch (CSOOW)or
the Tactical Action Officer (TAO), who manages mainte-
nance prior to, and operation after, damage to the combat

systems equipment. The CSOOW directs and coordinates
damage control actions of combat systems maintenance
central (CSMC) including combat systems reconfiguration
and repairs. Damage control related functions are contained
in table 6.

CSMC directs and coordinates the reconfiguration of com-
bat systems and combat system support services and of the
combat system equipment.

Aircraft Control, if provided, manages damage control
evolutions on the flight deck. These include communica-
tions with the Jocal repair party, CIC, debarkation control
and command. Aircraft Control supervises the damage
control actions of the crash and salvage repair team, extin-
guishes helicopter and aircraft fires, and makes expeditious
pilot rescue and aircraft salvage operations on the flight
deck. It also repairs damaged flight decks and associated
equipment.

Debarkation Control, if provided, manages damage control
evolutions that concern the embarked vehicles and cargo.
This involves the emergency bandling of damaged vehicles
or the removal of damaged cargo.

Well Deck orHangar Deck Control/Conflagration station, if
provided, manages damage control evolutions that concern
the embarked aircraft on the hangar deck or assault craft,
vehicles and cargo in the well or hangar deck.

Ballast Control manages damage control evolutions that
concern the ballasting/deballasting of the ship.

Support Control is manned by personnel from the Supply
Department, and is prepared to provide emergency issuance
of parts and messing during battle conditions.

Medical is manned by medical department personnel, and is
equipped to handle personnel casualties. Immobile injured
personnel are usually transported to the battle dressing
stations by repair party stretcher bearers.

DAMAGE CONTROL PROCESS

The general damage control process includes containment,
extinguishment, isolation, reconfiguration and restoration.
Containing damage includes closing watertight fittings to
stop progressive flooding, using and cooling fire resistant
barriers to slow the spread of fire and smoke, and using the
Collective Protection System (CPS) and countermeasures
wash down system to exclode Chemical, Biological and
Radiological (CBR) agents. Damage control personnel
extinguish fires using water, HALON, AFFF, CO,, PKP or
other methods. In order to isolate damaged portions of a
system, the damage control personnel mustsecure the valves
or trip the circuit breakers on either side of the damage.
Where systems are configured for survivability, a path
around the damage may be established by opening valves or
closing circuit breakers. Restoration includes dewatering,
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desmoking, pipe patching, running jumper cables for clec-
trical power or for communications, constructing shoring,
decontaminating CBR agents, overhauling the fire.

DAMAGE CONTROL
MANAGEMENT

Damage control management consists of surveillance, com-
munications, display, assessment, planning, decision mak-
ing, command, control, training and administration. Dam-
age control management is currently supported by person-
nel, systems and equipment as described below. The repair
party officer and the DCA each conduct damage control
management at their own level. The repair party officer
manages activity within his area of responsibility and the
DCA manages damage control activity throughout the ship.

Surveillance: Investigators, assigned to each repair station,
patrol the repair station area of responsibility and look for
signs of damage. An investigator must be able to recognize
and identify casualty situations, determine the location, and
report to the repair station. The investigator must report a
broad spectrum of casualties and casualty effects including
hull damage, pipe damage, flooding, high bulkbead or deck
temperature, smoke, fire, electrical arcing, tank contamina-
tion and tank soundings. The investigation is lengthy and
time consumming; there is considerable area to cover and
the investigator must be extremely cautious. Inital reports
to the repair station are provided by WIFCOM or installed
phone systems, followed by a written message carried to the
repair station by a messenger.

Sensors are also provided for surveillance. Ultraviolet, high
temperaiure, temperature rate of rise and/or smoke sensors,
depending upon the ship class, may be provided for fires.
Special high temperature sensors are provided in magazines.
Flooding sensors, actually high bilge level alarms, are
provided for machinery spaces located below the waterline.
These sensors cause alarms to sound in DCC.

Pressure gages are provided to monitor the pressure of each
segment of the firemain in condition Zebra.

Displays: Information converging on the repairstation over
the WIFCOM, sound powered phones, ship’s telephone,
amplified voice system or by messenger is plotted on a large
display, the damage control diagram, using a standard
symbology. The symbology has been developed over the
years to enable quick plotting and recognition of any type of
casualty and the status of actions being conducted to allevi-
ate the casualty. Figure 2shows examples of the symbology.
The damage control diagrams display the ship’s arrange-
ments isometrically, deck by deck. The diagrams also show
the ship’s systems. Showing all systems on one diagram
would be extremely confusing; therefore, each system is
shown on a separate diagram superimposed on the isometric
view of the arrangements. Table 7 lists the systems shown,

Flooding Effect and Liquid Loading
Subdivision

Main and Secondary Drainage and Clean
Ballasting Systems

Plumbing, Gravity and Miscellaneous Drains

Sounding Tube Deck Plates and Sewage Disposal
System

Tank Stripping System

Firemain, Sprinkler, Foam and Washdown
Systems

Fuel Filling, Transfer and Overflow System

JP-5 Filling, Transfer, Service Stripping and
Overflow System

Ventilation Systems, Supply and Recirculating
Ventilation Systems, Exhaust

Chilled Water System

Compressed Air System

Casuvalty Power Supply and Casualty Communi-
cations Systems

Vital Damage Control Electrical Equipment and
Power Supply Chart

Communication Directory

TABLE 7
SYSTEMS SHOWN ON DC DIAGRAMS

and Figure 3 shows a representative system diagram. Using
these diagrams the repair party leader can assimilate infor-
mation from several independent observations and quickly
see interrelationships between casualties, determine the
combatsystem equipment that is affected by HM& E system
casualties and determine access routes to the casualty loca-
tion. Much of this information is plotted by the senior
damage control condition I watchstander on damage control
disgrams in DCC.

In addition to the diagrams, the DCA has displays of alarm
indications and a display of firrmain pump and valve status.
The fire alarm indications are typically displayed on a
dedicated console panel showing an inboard profile of the
ship and the spaces where the alarms have been installed.
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The flooding alarms and magazine high temperature alarms
are generally displayed on independent bulkhead mounted
panels. The firemain pump and valve indications are
displayed on a system mimic.

Damage control diagrams are provided on the bridge for
display of the status of damage control actions.

Assessment: The DCA and repair party officereach use their
displays to assess the individual casualty, determine what is
happening, and gage the extent of the casualty. Assessment
involves analyzing the casualty in relation to the overall
situation, to vital ship systems and current tactical sitvation.
It includes the prioritization of casualties. Rarely is the
entire situation clearat first, information from many sources
may be needed to assess the cause of the casualty and its
extent. Assessment also includes computations to maintain
stability, buoyancy and development of a radiological evalu-
ation.

Plans of action: The DCA and the repair party officer each
develop alternative plans of action. Inmost cases the actions
are straightforward; however, where several casualties are
occurring at once, alternative plans and available resources
are considered, coordination with other ship departments
and among damage control stations are accomplished, and
impacts on ship’s mission capability are determined.

Decision, Command and Control: The DCA and the repair
party officer each decide on a course of action, and issue
orders to his organization. The repair party officer will
execute his planand report his actions to the DCA along with
the estimated time to control and reconfigure (ETR). The
DCA will modify or negate repair party officer’s orders. The
DCA redirects the actions of the repair party officer where
mission or overall ship’s readiness status can more effec-
tively be improved by an alternative course of action. The
DCA accomplishbes coordination with other departments. In
some cases the DCA can take action directly using remote
controls that may be provided for the firemain and the
ventilation systems. Typically, ships are provided with
control of the fire pumps and valves necessary to energize
required pumps, and control vital valves and ventilation
dampers and fans. Inaddition, controls of the water washdown
system, flight deck sprinkler system, overhead spri.kler
systems, machinery space HALON and AFFF systeii.. and
magazine sprinkler systems are provided at various loca-
tions at DCC or within a repair station area of responsibility.

The DCA receives feedback and progress reports via mes-
senger or phone, and plots these on his damage control
diagram. A glance at the diagram now identifies the
casualties, pinpoints their location and shows the status.

The DCA will keep the CO and other DC stations appraised
of progress in addressing casualties, new situations, and the
impactofdamage ordamage control activity on ship mission
capabilities.

Asset management: The location and availability of all
damage control assets including personnel, tools, equip-
ment, and consumables for all damage control activities
must be optimized for the particularship, and must be known
by all who may use them.

Training: The damage contro! organization requires train-
ing in order to achieve and maintain proficiency. Training
includes periodic on-board training drills using realistic
shipboard simulation of damage. However, the shipboard
exercises are not enough to achieve and maintain damage
control effectiveness. Damage Control Training Teams
(DCTT) report aboard periodically to train and evaluate the
crew. In addition, training at fleet schools is required for
mostofthe repair party members. The DCA must ensure that
all personnel who may conduct damage control operations
are properly trained, and that personnel substitutes, due to
absence orcasualty, also have received appropriate training.

Administrative support for damage control includes main-
taining the training records and maintaining the compart-
ment check-off lists (CCOL). The CCOL, posted in each
compartment, is a summary of all damage control fixtures
and equipment in the space including access closures,
damage control valves, communication devices, ventilation
fans and ventilation closures. Itis used oy the investigators
and repair party personnel to Jocate damage control fittings
and equipment. It is also used by the Damage Control Petty
Officer responsible for the space to properly maintain all
damage control equipment and fittings and by inspectors
checking the damage control material condition of the ship.
Inevitably changes are made to damage control fittings and
equipment during overhauls requiring the updating of the
list. These updates are made by the ship’s force.

PERFORMANCE MEASURES

The effectiveness of the current shipboard damage control
management system is measured in terms of the restored
mission readiness of the ship, and the time it takes to achieve
that state of readiness, following damage or accident. This
effectiveness is acheived when the functions of the damage
control organization outlined above can be carried out
quickly and accurately.

Atany time the net loss of capability within any missionarea
is the combination of the capability lost caused by initial
weapons effects and the additional capability lost from
secondary weapons effects less the recovery of capability
due to damage control actions.

After the initial weapon effects, the damage control organi-
zation must contaiii the spread of resulting damage. The
primary variables are the time required to react, and the
effectiveness of the response. The total reaction time
dep~nds on:

-determining type and location of weapon effect
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Integrated Survivability Management System

-communicating this information to decision

stations

-displaying the information

-integrating the information with the ongoing

activity

-developing plans of action

-initiating commands

-executing the commands.
Subsequent changes in the situation require the same re-
sponse sequence. The effectiveness depends on the accu-
racy and speed by which the above is managed. Lessons
learned from past casualties highlight deficiencies in the
existing damage control management system. Apparent
deficiencies include:

Surveillance: There are inadequate quantities and types of
sensors currentiy used in the fleet. Sensors must be of better
quality, and better distributed so that fire, smoke and flood-
ing can be more readily detected and measured. Human
investigators, used to locate casualties, and human messen-
gers (if radios are not available) used to transmit the data by
written word, slow the process significantly. Also, human
investigators may not be able to determine the location of the
casualty; ie., smoke or flame may prevent determining the
location of the fire source, or identifying that flooding is
occurring. In addition, conflicting information may be
obtained from other investigators. Finally, the limited
number of investigators may not be able to expeditiously
uncover several simultaneous casualties.

Communications: Most casualty reporting and command
communications are transinitted by voice. This bas three
drawbacks: (1) Errors canbe m e invoice .ommunication,
(2) Voice communicationtakes time, and (3) Voice commu-
nications to «-ore than one level in the organization must be
accomplished serially.

Displays: The current displays are effective in that they
utilize concise symbaelogy which shows the type and loca-
tion of the casualty and the progress taken in addressing the
casualty. However, the displays may be inaccurate due to
commuaications difficulties between stations. The displays
may contain excessive detailed information; for example,
the DCA who only needs to see the top level situation must
pow see the combined detail plots of all the repair stations.
This detail can be confusing if noi properly managed.
Information is not correlated; it is displayed on a variety of
panels indiffering forms. Displays are usually “out of date”
due to the time required for transmission of the latest
information from the various stations to DCC. Alldisplays
are not updated siinultaneously, and this compounds the
problem.

Assessment: Rapid assessment of the information provided
is essential to providing effective corrective actions. Inac-
curate assessments can lead to exacerbating the damage. For
example, it is nearly impossible to manually perform accu-
rate and timely stability and buoyancy calculations under

battle conditions. This can lead to improper, or no, actions
to correct a worsening stability situation.

Plans of action: Coordination among departments and
amongdamage control stations may be slowed and confused
because situation plots may be at variance with each other.
Valuable time may be required to sort out the actual situa-
tion.

Decision, Command and Control: Commands may be
confused as they are transmitted along the verbal communi-
cations paths. Not only is excess time expended, but an
improper response could result. Coordination may be slowed,
and conflicts in situation plotting may result.

Feedback: Feedback may be slowed by the verbal commu-
nications path, and it may not be provided to all stations
simultancously.

Asset management: The current damage control manage-
ment system does not include asset management. This
information is maintained “mentally” by damage control
personnel. Since each damage control repair station con-
tains more than 400 items, accurate accounting under battle
conditions is nearly impossible.

A vital damage control component, assumed to be at the
station, may not be there.

Training: Ships do not routinely conduct total ship damage
control training. Such training drills are difficult to plan
because of the complex interrelationship of ship systems in
a damaged condition. Physically damaging the ship or the
vital equipment is not practical. The training that is given,
while extensive, does not normally represent the actual
situation that could exist, and is limited in scope.

Administrative support: Training records are not available
to the DCA during battle conditions to assist in reassignment
of personnel who become casualties. Mostships do not have
support for maintenauce of CCOLS.

BRIDGING THE GAP

Inthe 1980s, it was apparent that the current damage control
process, a process that is similar to that used during WWII,
had to be upgraded to meet the challenges of today and
tomorrow. Several concepts were investigated, all using
some type of automated data processing, and several bread-
board units were built and tested. The goal was to signifi-
cantly speed up the decision making process by providing
rapid and accurate information to the decision makers. This
action alone would revolutionize the damage control pro-
cess as we know it. Thus, in concert with OPNAYV 03, the
Integrated Survivability Management System (ISMS) pro-
gram was initiated.

A Tentative Operational Requirement (TOR) [2] for the
system was promulgated in September of 1988 which initi-

Association of Scientists and Engineers
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ated a program to utilize computers to climinate the defi-
ciencies listed above. The TOR has governed system
developmentthrough the Development Options Paper (DOP)
[3] completed in 1990. The TOR provides the following
systems description of ISMS:

.....is envisioned to consist of redundant computer(s), inter-
faces, databases/software, sensors, auxiliary systems switch-
ing, portable display units for repair parties, consoles for
Damage Coatrol Central (DCC) and secondary DCC, dis-
plays for the Commanding Officer, Mission Area Control
and HM&E, and back-up power supply. This system will
continuously gather and monitor key data. It will then
process, analyze and prioritize the data to formulate and
recommend courses of action, including the ability to auto-
matically and rapidly switch from primary to alternate
sources of auxiliary support for combat systems. Appropri-
ate officers will then direct DC personnel action while
abreast of casualty status. The system shall be designed to
gracefully degrade to a configuration which requires mini-
mal distributed system support...... {2]

Three systems were proposed in response to the TOR:

(a) Providing of courses of action for damage
control situations and independent computer support for
firefighting, stability and other damage control functions.

(b) All of the features of the first option and the
ability to accomplish actuation manually through remote
control.

(c) A total ship system using artificial intelli-
gence, and including the automatic remote activation of
all damage control equipment, providing display and
control at the Bridge and CIC in addition to DCC. [3]

The version of ISMS currently under development falls
between the first and second options. This new option
emphasizes the acquisition and display of key data in a
manner that will readily support the decision maker. The
focus of this option is the display. While this system
employs existing sensors, the need for additional sensors is
recognized, and improved sensors continue to be a focus of
development. The current level of existing equipment and
systems control is not affected by ISMS.

ISMS development supports the survivability policy ad-
dressed in OPNAVINST 9070.1, Survivability Policy for
Surface Ships of the U. S. Navy, and the current approach to
ship design. OPNAVINST 9070.1 states that “The Chief of
Naval Operations (CNO’s) goal is to maintain ship opera-
tional readiness and preserve warfighting capability in both
peacetime and hostile environments.” [4]

We now turn to a discussion of ISMS, as currently envi-
sioned. Although alterations to the program may ensue, it
is expected that the basics will remain as shown berein.

High temperature fire sensor
Temperature rate of rise
Ultraviolet fire sensor
Particulate smoke

Magazine high temperature
Bilge level

Water level

Tank level

Firemain pressure

Firemain valve position
Pump status

Ventilation fan status
Chemical Agent Point Detector
Sprinkler activation
HALON activation

AFFF activation

CPS zone pressure

Electronic equipment cooling system pressure
and temperature

Gyro failure alarm

Dry air system pressure

Compressed air pressures

List

Trim

Dnafts

Toxic gas (including Freon, H.S, CO)

Explosive gas (including Hydrocarbons)

TABLEY9
SENSORS
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THE INTEGRATED SURVIVABILITY
MANAGEMENT SYSTEM (ISMS)

HARDWARE ARCHITECTURE

The hardware architecture is designed to support damage
control personnel at each station by providing information
and allowing control through the console’s graphical user
interface (GUI). The consoles are in turn supported by a
common data communication bus. The bus serves as a link
not only between the consoles but to the sensors and
controlled devices. The redundant consoles and data busses
are essential survivability features.

The hardware architecture is shown in Figure 4. It is based
on the organizational structure and the functions of the
damage control battle stations discussed earlier. This archi-
tecture is compatible with any future shipwide Integrated
Platform Management System or Integrated Machinery
Control System. The architecture is “transparcat” to the data
bus technology and topology, because the console/worksta-
tion will employ standard Navy interfaces to the data bus.
The architecture requires a redundant, survivable bus archi-
tecture for data connectivity together with an uninterrupted
power supply (UPS) for the DCC console and each worksta-
tion.

The data communications network supports the sensor to
network communications flow, the inter-console data flow

Ventilation zone stop

Firemain pump

Firemain valve

Magazine flooding

Machinery space AFFF bilge flooding
Machine space HALON flooding
Hangar deck AFFF sprinkling

Well deck sprinkling

Flight deck sprinkling

Hangar deck division bulkhead closing

Countermeasures water washdown system

TABLE 10
CONTROLS

and the control signal data flow. The voice communications
networks support hardwired voice communications and the
wirefree voice communications. Manual data entry is also

supported. Survivable communications will be provided by
the HULLCOM system, which transmits voice and data via
bull structure. In addition, a portable data entry unit will be
provided for on scene communications. See Figure 5.

The sensors providingsurveilance input to the system via the
data communications network are listed in Table 9. Sensory
data is converted to alarms as required. Valve position for
firemain will be expanded to other systems after proof is
done. Through the use of color video displays multiple
alarm conditions taken from single sensors can be indicated.
An an example: as compartment temperature rises to 90
degrees F, the compartment condition could be shown in
yellow and at 105 degrees and above it would be shown in
red. The consoles supported are those shown in Figure 4.
The capabilities that are currently supported listed in Table
10 will be included with the ISMS console.

Hardware Requirements:

Environmental: The hardware must operate reliably in the
normal shipboard environment. This includes temperature
extremes, vibration, EMI, EMP, and humidity. Initially we
intend to use commercial grade hardware. Following the
research and development demonstration we will require
militarized, marine suitable hardware.

Survivability: Since ISMS is a system which supports ship
survivability, it must itself be survivable. Each installation
must be designed to incorporate the survivability principles
of separation, redundancy and multiple sources. As de-
scribed above each station will have an UPS, and the
communications network will be survivable. The hardware
will survive shock and exposure to water. Redundancy is
inberent to the system, since each console or work station
will have the capability to control the network. The consoles
will be located in stations which are physically separated.
The hardware and software will be developed so that upon
loss of one or more consoles, the remaining consoles will
continue to operate, and network control will shift as neces-
sary. Loss of some sensors will not result in degradation of
the operation of undamaged sensors.

SOFTWARE ARCHITECTURE

The software architecture is shownin Figure 6. This consists
of software to support network control, display, analysis and
a database. Allsoftware resides at each console or worksta-
tion.

Network Control: Network control is usually at the DCC
console. Here, the network control software controls the
network data flow. Data enters the system as sensor signals
oras manual input fromthe DCCconsole orany workstation.
Alldata is checked for conflicts before being accepted by the
system. Conflicts are resolved or identified before data is
accepted by the system. Network control software shifts
control of the ISMS operations to a surviving station if the
controlling console or workstation is destroyed.

Association of Sclentists and Engineers
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Control actions are those actions required to start and stop
cquipment, activate firefighting systems, and change the
position of valves to reconfigure systems. Control actions
can be taken from any workstation on the network.

The network control sends control signals to physical de-
vices. Designated actuators and equipment will be remotely

The damage plot having the information content
of all the DC diagrams, damage reported and
entered into the system, and summary plots.

Damage to specific systems.

Routes for access/egress.

Administrative documents.

Firefighting.

Flooding and stability.

Ballasting/deballasting control (as required)

Vital system/DC systems management.

Readiness assessment.

Embedded training.

TABLE 11
DISPLAYS

controlled by the DCC console or by the workstation in
control of the network. The operator will be able to either
make the command directly by a manual input, or cali up the
appropriate screen for a reference code, and then make the
appropriate manual entry. When activation is confirmed by
sensor, the change of state will then be entered into the
database, and become part of the next data base update sent
to all workstations.

Display: The display software resides at each console and
workstation. The displays created are based on the informa-
tion currently in the console or workstation database.

The ISMS displays will be capable of rapidly providing
information to the operators inan easy to understand format.
These displays will be accessible with a minimum number
of operator actions. The system will provide direct access
to any functional area. Rapid transfer to the more detailed
displays of the damage will be available. The DCC console
and each workstation will have the capability of displaying
the information in Table 11 and described below:

Summary Damage Display: This is the damage plot. It

includes the information equivalent of the damage control
diagrams with all damage plotted. Its basis is the ship’s
arrangements, as shown in Figure 7. In addition, informa-
tion about location of combat system, HM&E and DC
equipment, location of repair parts, medical facilities and
supplies, the fresh water system and the location of alarms
will be included onthe display. The damage plot will display
the closure log exceptions to the material condition of the
ship. When damage data is entered, the display will present
the damage data using appropriate symbology. See Figure
8. The summary displays will notify the operator when an
alarm occurs, and will provide quick access to details such
as type, location and acknowledgement status. The sum-
mary displays will show the general location of the damage,
fire and flooding boundaries and status of actions taken to
combat the damage.

Summary plots are also required for the combat, propulsion,
and electrical systems as well as for any other combat
mission systems. A summary plot showing the status of all
the ship’s weapon systems is required for command decision
making.

Specific Systems Damage Display: ISMS will be capable of
displayingdamage to the specific systems that are presented
on the damage control diagrams. See Figure 9. The damage
to specific systems will be presented on the display screen
which contains the system schematic, and on the screen
which shows the location of the components and equipment
involved. Rapid access to both screens either directly or
from the summary graphics will be available. In order to
evaluate these complex systems, ISMS will be capable of
“zooming in” to expand segments of each display. To
eliminate clutter; layering of details, such as frame/deck and
component numbers, will be available with the “zoom”
feature.

Control: Displays will allow system control. See Figure 10.
The display will indicate the status of the equipment and
whether control is available. Manipulating the display will
enable control of the equipment.

Routing information: ISMS will L.c able to provide routing
information for rapid movement of personnel and material
for routine and damage conditions. Preplanned routes will
be stored inthe database, with user-demand display capabil-
ity. Route modification will also be available, prior to and/
or post damage.

Administrative documents: These administrative docu-
ments will be supported: closure log, readiness assessment,
emergency routing, supply support parts location, DC and
HM&E status log, liquid loading management, tagout log,
cargo stowage plan, cargo priority list, personnel training
qualifications, manning status.

Firefighting: ISMS will be capable of providing firefighting
decision aids. Firefighting displays will show the location,
type, fire and smoke boundaries and status of fires on the
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Integrated Survivabllity Management System

summary damage displays and the detail displays. Damage
to any vital system as the result of the fire will be available
asa display on the Vital System/DC System Display for that
system. Data sources will include the ship’s damage control
sensors, sensors which are part of the specific system
damaged, and investigator’s reports.

Stability and flooding: ISMS will be capable of providing
stability decision aids. Flooding displays will show the
location, approximate size of the hole, flooding boundaries,
status and approximate flooding rate on the summary dam-
age displays and the detail displays. The system will keep
displays current as the situation changes. Stability displays
will provide sufficient information for maneuvering, pre-
dicted list and trim for various counterflooding options, and
predictions of the effects of continued flooding on stability.
See Figure 11. The user will be provided with the stability
curves for the actual loading and damaged condition. Sce
Figure 12. In addition, the predamaged design margin
curves will be available for comparison.

Ballasting and deballasting control (as required): ISMS will
provide the capability to control the ballasting and
deballasting operations. ISMS will allow the DCA to
accomplish ballasting and deballasting from any worksta-
tion.

Vital system/DC system display: ISMS will be capable of
providing assistance in reconfiguring vital systems. Dis-
plays for vital systems will be the information equivalent of
the damage control diagrams for each system from the
damage plot. These displays will show equipment status and
damage. The displays will also show suggested
reconfiguration for specific damage.

Asset Management: This display will show the location of
all damage control assets and will maintain the status as
assets are moved, used up or destroyed, Figure 13.

Readiness assessment: The ISMS will be capable of provid-
ing readiness assessmentofall missionareas of the ship. The
ISMS will have the capability to use the embedded training
data base {deactivationdiagrams) to develop this assessment
when equipment casualties are reported and entered into the
data base.

Embedded training: This will provide an on board training
capability which provides the crew with simulated damage
and the deactivation effects of the simulated damage. Itwill
provide the training team with a training scenario. During
the training simulation, ISMS displays will portray the
damage and appropriate damage spread in response to DC
actions.

RAD Plot: This will plot the radiation readings taken by the
investigators. It will show safe stay times at contaminated
battle stations.

Analysis: The analysis software performs operations on the
information in the database, and sounds analarmorprovides

recommended operational limits based on the results. This
software performs the analysis to supportall displays includ-
ing the firefighting, stability and RAD plot displays.

Database: The controlling console or workstation develops
and maintains the database and passes updates to the other
stations as they occur to ensure that all consoles or worksta-
tions have identical databases. Each console or workstation
deveilops displays based on the database it currently stores.
The redundant databases prevent loss of data with the loss of
one or more consoles. In fact, the system can gracefully
degrade so that one or more independent workstations or
consoles can continue to operate, afterserious damage to the
system, using available input data and control capability.
When the stations are reconnected, the station in control of
cach disconnected segment will be able to submit its data-
base to the station in overall control of the rest of the network
in order that this data can be incorporated into the system
data base. The reconnected stations will receive a data base
update upon request.

_The database includes stored ship information, data from
sensors monitored by the system, damage information, a log
of system events to permit retracing casuaity actions, inven-
tories and manually entered data. Data entered into the
system is immediately available to the DCC console and all
workstations.

SOFTWARE REQUIREMENTS

All software will be developed using the ADA computer
language. Performance standards will be developed for all
analysis software and displays.

ISMS PERFORMANCE

As can be seen from the discussion above, the primary
performance improvement is in communications in the form
of the time to assemble adequate data required to make a
decision and to inform all stations of the required damage
control actions to be taken. Surveillance data will appear in
DCCassoonas itis measured. Actions taken will be known
at all stations as soon as they are entered into the system.

Surveillance will improve due to the broadened coverage of
the sensors. This means that the damage control organiza-
tion will no longer have to wait for the investigator to
discover damage, it will be sensed immediately.

The displays will improve information recognition and
storage significantly and will reduce the time needed for the
repair party leaders and the DCA to assimilate the informa-
tion, determine alternative courses of action and decide on
the appropriate measures.

This improvement in communications, surveillance and
displays will reduce the time needed to take action in the
most critical period of any casualty: the initietion. The more

a3

Assoclation of Sclentists and Engineers

29th Annual Technical Symposium, 28 May 1992




feydsig spmimy dys — 11 2nS1y

a5




aan) Anpiqels diys ~ zy andrg

Wdd
alil

ana
WiV INRI33H

11X3-G4 "INIdd-P4 "INdLN0O-£4 ‘LNdNI-Zd ‘NIVH-L
ATA WVAIVIA ALINGVYLS LIVINI 304 .84. SS3dd
NN3W SNIF3S ALITIGVLS 3HL 01 NaNL13d 01 .94. 5S3ad

(533493Q0) 1INV

JAdNI AV
BLINLE P

AINIOd

(19) Wav
ONI1H9IY

INIOd




Keydsiq swessy — ¢ undig

I QMM.\J
a W —

W % w
. ;

1




Integrated Survivabiiity Management System

Loeser/Herman/Davison/Flood

1.The system must be survivable

2.Multiple terminals are required. Input/output
terminals at DCC and the Repair Stations and
read only terminals at the bridge and CIC

3.There must be on-scene data communications,
system communications must be accurate

4.The system must keep track of compartment
data, system data and inoperative fittings.
Should recommend isolation strategies.

5.There must be stability evaluation

6.Sensor information should be available if other
portions of the system are not delayed

7.Battle damage spare identification, administra-
tion and training should be included. These
must be common with the Tactical and Opera-
tional System.

TABLE 8
FLEET PRIORITIES

quickly action can be taken the more likely it is that a small
casualty can be stopped before it runs out of control ora large
casualty can be contained and its damage limited. This
reduction in response time is illustrated in Figure 14.

The second improvement is in the quality of the information
presented. This system will be less error prone than the
current method. In addition, the display operators will be
able to select the level of detail needed to make assessments
and decisions. This will lead to more appropriate responses
to casualties, reducing the damage.

These two improvements will lead to improved ship mission
readiness after damage. Fewer systems will be damaged by
spreading weapons effects, damaged systems will be re-
turned to service faster and the ship will retain more
warfighting capability. In addition, since damage will be
reduced, the cost, time and resources needed to return the
ship to fully ready condition will be reduced.

EARLY FLEET INVOLVEMENT IN
THE PROGRAM

ISMS development has been planned to include frequent
opportunity for the fleet to have an influence on the require-
ments. The earliest evaluations of firefighting and stability
software were performed aboard ship, and involved the
Surface Warfare Officer’s School (SWOS). At the Novem-
ber 1991 meeting of the OPNAV Damage Control/

Firefighting Working Group an entirc two day working
session with 20 participants was devoted to ISMS. This
session proved extremely successful in exposing the fleet to
the system, gaining their interest and obtaining their guid-
ance. The session concentrated on the fleet’s priorities for
development of the system and a review of the proposed
displays. The priorities are shown in Table 8. As currently
configured, the Engincering Development Model (EDM)
will satisfy these priorities except for training.

Based on the session, the fleet preferred the isometric,
multiple deck display of the ship’s arrangements similar to
those shown on the DCdiagrams. This layoutgivesadequate
information and provides an intuitive relationship between
the decks and levels. Relationships among casualties and
between casualties and compartments can readily be seen.
Labeling of the compartments and numbering of the clo-
sures, however, provides too much information. This infor-
mation should be provided on zoom displays orin a window
on the screen as required. Similarly, general information
about all casualties should be shown on the total ships view,
with detail information shown on the zoom displays. The
use of color to highlight spaces containing damage control
functions, hazardous materials and repair station areas of
responsibility was endorsed. A GUI, rather than a menu,
should be used to highlight locations and perform other
operations.

There is so much information to display that ultimately
multiple monitors will be required. The fleet personnel felt
that as many as four screens might be needed. Twenty inch
monitors were recommended.

Use of video information will be investigated based on fleet
input. Locating cameras at key points will aid in assessing
the problem and indecision making. Infrared cameras could
be used to see through smoke.

The fleet will support the development of analysis software
to recommend valves to secure in the event of a rupture,
compartments to flood or dewater to maintain stability or
where to set fire boundaries. In addition, they recommend
that the system maintain a log of events and message traffic.

As described below the fleet will continually be involved in
the evolution of the system. This will ensure that we field
a system which will meet their needs and that the fleet will
endorse and support the system when it arrives aboard ship.

ISMS PROGRAM

A pre-Advanced Development Model (ADM) will be in-
stalled aboard DDG 51, FFG 7, DD 963 and CG 47 class
ships. This will consist ofa stand alone unit installed in DCC
which will run stability software, a Damage Control Asset
Management Systeii (DCAMS), a CCOL management
system and an automated repair party manual. The units
consistof a 386 computer and a single monitor. The software
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Loeser/Herman/Davison/Flood

Integrated Survivabliity Managemem mtom

subroutines are currently written in Fortran, dBase and
TurboPascal. Continued Fleet evaluation will be based on
standard damage control drills and day to day usage. The
results of the evaluation will be folded into the ongoing
system development.

The program is currently approaching a Milestone II deci-
sion. The ADM s underdevelopment. This will be followed
by the Full Scale Engineering Development (FSED) phase
with continued logistic support planning, specification prepa-
ration and testing and evaluation. In parallel, opportunities
for backfit and forward fit will be explored, as shown in
Figure 15, as will the ongoing initiative to maintain regular
fleet interface.

The ADM is being developed at the Naval Surface Warfare
Center, Carderock Division, David Taylor Model Basin
(NSWCCDDTMB) and at Naval Surface Warfare Center,
Carderock Division, Naval Ship Systems Engineering Sta-
tion (NSWCCDNAYVSSES). The ADM hardware consists
of SPARCS Workstations connected by local area networks
(LANs). A printer and UPS are included. Three worksta-
tions will be located at NSWCCDDTMB, three at
NSWCPDNAYVSSES and one at SWOS. A LAN will link
the three workstations together at the laboratories and
modem connections will link the three sites. The three
workstations will renresent consoles at DCC and a repair
station and a command center. There will be representative
sensors and remotely operated devices to structure develop-
ment and testing of the software.

The software is being developed at NSWCCDDTMB and
will be evaluated at NSWCPDNAVSSES. SWOS will
evaluate the software as itis developed and provide continu-
ing input to the development process. The software will
include an integrated database containing interactive dam-
age control plates, stability algorithms, DCAMS, CCOL,
automated repair party manual and other damage control
software. Also included will be sensor, control and
interconsole communication software.

The land based testing at NAVSSES will be done with fleet
support and will ensure that:

-the sensor and manually input data is entered
into the system, evaluated and added to the
database;

-the LAN operates correctly linking all stations
and observing control protocol requirements;
-the network software keeps all consoles’
databases identical and up to date and will
gracefully degrade as communication links and
consoles are damaged;

-the displays readily depict the situation in the
proper level of detail for the operator and that
the remote devices can be operated from the
consoles through the LAN,

-the anticipated performance improvements have
been made.

-reliability and maintainability is satisfactory

The EDMssystem will be installed aboard the R&D test ship,
USS JOHN L. HALL (FFG 32). The software will be
identical to that of the landba: :d test site, however the
hardware will be “hardened” versions of the SPARCS
workstations. We will install representative sensors and
contro} devices to ensure that there is no impairment of the
ship’s current system. The shipboard testing will be per-
formed for COMOPTEVFOR who will evaluate the system
based on the TEMP requirements.

ISMS is being considered for three newshipdesigns, DD(V),
L(X)and CVN 76. The display software will be identical to,
or an improved version, of the EDM display software. The
communications software will be tailored to the communi-
cationsystems installed on the ship. Inthe production phase
onthese newshipclasses we intend to use hardware consistant
with approved combat systems and propulsion systems.

Future ships will be provided the display software as Gov-
ernment Furnished Information (GFI). The specifications
developed under this program will describe the require-
ments forthe hardware and forthe communications software
which will be developed by the shipbuilder.

As the software continues to improve, software modules will
be developed and installed on existing systems. It is
expected that improved training and administrative soft-
ware will be developed continually while firefighting soft-
ware upgrades will be dependent on the state of the art fire
algorithms.

INTEGRATED LOGISTICS
SUPPORT

Manning: The ISMS will not change the number of people
required for firefighting, flooding control or recovery. It
will affect the numbers required for communications and
management. A significant number of personnel are cur-
rently required to man sound powered phones to monitor
incoming messages. Since most of these messages will
travel onthe data communications network fewer personnel
should be needed. This, however will be a small decrease
relative to the total number of personnel assigned to damage
control.

Training: ISMS will resultinsignificant changes in training.
PCO, PXO, DCA, repair party leader, team training and
other courses will be modified to include use of the consoles,
workstations and on scene data entry units. A new ISMS
console or workstation operator’s course may be needed.
Consoles and workstations will be provided to appropriate
trainingsites. One or two Damage Control trainers could be
developed which incorporate sensors and portions of con-
trolled systcms to provide realislic team training.
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RELIABILITY, MAINTAINABILITY
AND AVAILABILITY (RM&A)

Reliability: The reliability goal will be established when the
ILSP is prepared. The system will be designed for a high
reliabilty because it will monitor ship and ship system status
during normal and casualty conditions and must be ready at
any time to support damage control operations. The system
architecture with many redundant clements supports this
goal.

Maintainability: The maintainability of the computers,
programs and databases must be considered. If the comput-
ers are, as currently planned, Contractor Furnished Equip-
ment (CFE), maintainability will be developed by the Con-
tractor based on the requirements in the ship construction
contract. The programs will be the property of the govern-
ment and will be maintained by the Navy. Maintenance of
the databases, which will generally require updating after
each overhaul, will be managed by the Navy.

Availability: Self diagnosing circuits and by module re-
placement will be investigated as means of achieveing high
reliability.

CONCLUSION

Use of the ISMS, even in the stand-alone mode, will mark
a significant change in the ship’s ability to control damage.
This tool, which will present to the DCA information in a
way that will make patterns of damage obvious, speed
responses and easure proper action. Systems incorporating
communication among sensors, consoles and controlled
devices will demonstrate quantum improvements in plan-
ning, decision making and reaction time. A key feature of
this program, which will ensure a viable and accepted
product, is involvement of the fleet in carly stages of the
design.
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Abstract

Remote control of complex Self Defense Surface Missile
Systems poses challengingsystem design problems. Typi-
cal approaches call for brute force digitization of all
system interfaces and high bandwidth communication
systems to handle the transmission of serial datastreams,
The Johns Hopkins University/Applied Physics Labora-
tory (JHU/APL), through tasking from
COMNAVSEASYSCOM RAM Program Office, has
developed an approach for remote control of the AN/
SWY-2 Self Defense Surface Missile System for use on
the Self Defense Test Ship. The approach proves tobeless
expensive to develop, test, and maintain, while providing
greater flexibility for changes and future growth than the
brute force approaches. The design makes extensive use
of commercial off-the-shelf (COTS) technologies and
requires minimal custom hardware design. This paper
details background, requirements, and design of the
system, which is called the Combat System Remote
Control System (CSRCS). Special attention is paid to the
application of COTS technologies within the CSRCS.
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CSRCS  Combat System Remote Control System
DDEU  Digital Data Entry Unit

DDI Digital Display Indicator

DMA Direct Memory Access
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I/0 Input/Output
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KSR Keyboard Send and Receive
LLAN Local Area Network
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SDSMS  Self Defense Surface Missile System

SDTS Self Defense Test Ship

SNI San Nicolas Island

TAS Target Acquisition System

TCP/IP  Transport Control Protocol/Internet Protocol
TEMP  Test and Evaluation Master Plan

VAB Variable Action Button

WCP Weapon Control Panel

BACKGROUND

Self defense surface missile systems (SDSMS) and close-in
Weapon systems (CTWS) employed by the U.S. Navy are a
unique breed of weapons used to destroy antiship missiles
(ASM). Like the PATRIOT missile system that gained
notoriety during OPERATIONS DESERT SHIELD/
STORM, the ship based self defense missile and gunsystcms
must detect, designate, acquire, fire, and destroy high speed
incoming ASMs. The scenarios, to which these systems
must react, vary greatly from single missile threats; to
stream attacks like that experienced by USS STARK (FFG
32); and finally, to high density wave attacks. To verify the
effectiveness of these systems the NAVY has developed a
requirement to test self defense systems such as PHALANX
CIWS, Rolling Airframe Missile (RAM), and NATO
SEASPARROW Surface Missile System (NSSMS) to the
full extent possible. This poses a problem because of the
short range nature of self defen:e weapon systems. The
effective ranges of the majority of these self defense systems
restrict the Navy’s ability to fully stress these systems
against tactical missiles and threat representative target
drones without jeopardizing the safety of the crew. Safety
constraints have established that no target, either tactical
missile or target drone, fly any closer than 5,000 yds to a
manned ship. Both the requirement to stress ourself defense

weapon systems and the constraint to insure safety to the
crew has driven the need for an unmanned, self propelled,
remotely controlled test platform with remote controlled
combat systems on board. These requirements are mani-
fested in the Test and Evaluation Master Plans (TEMP) for
the RAM, NSSMS and CIWS.

The U. S. Navy, through the RAM Program Office of the
Naval Sea Systems Command, is converting the ex-USS
DECATUR (DDG 31) to the Self Defense Test Ship (SDTS)
to satisfy the requirement and test constraint. This concept
follows a previously successful project used exclusively for
PHALANX and GOALKEEPER CIWSs. The project evalu-
ated their effectiveness against tactical missiles, subsonic
drone targets, and the supersonic target drone, VANDAL.
The complex SDSMSs such as RAM and NATO
SEASPARROW require sophisticated remote control sys-
tems to manage system operation, ARM/SAFE functions,
mode selection, and maintain positive control over the
weapon systems and sensors.

JHU/APL has been tasked by the RAM Program Office of
NAVSEA to develop the SDTS Combat System Remote
Control System (CSRCS) in support of testing the AN/
SWY-2SDSMS and othersystems as they are installed. The
AN/SWY-2 SDSMS consists of the integrated Mk 23 Target
Acquisition System (TAS), AN/SLQ-32(V)3,and the Mk 31
Mod 0 RAM Guided Missile Weapon System (GMWS).
The general objective of the CSRCS is to provide adequate
control and monitoring of the TAS radar and RAM GMWS
to safely conduct RAM firing exercises on the SDTS from
a remote location. Figure 1 illustrates the SDTS configura-
tion with all planned combat system equipment installed.
The equipment includes:

1. Mk 23 TAS
2. AN/SLQ-32(V)3 Electronic Support Measures

p ‘-T\- - oo we e e ——
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EX USS DECATUR
SELF DEFENSE TEST SHIP

Figure 1 - SDTS Topside Configuration

(EX DDG-31)
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(ESM) system
3. Mk 31 Mod 0 RAM GMWS

4. NATO SEASPARROW Missile System (with two
directors)

5. PHALANX CIWS with accompanying camera
mount

SDTS Concept of Operations

The SDTS will operate at the Pacific Missile Test Center
(PMTC) at Point Magu, California, and will be used for
both manned and unmanned operations. It will be equipped
with two diesel powered outdrives for propulsion, and a
diesel powered bow thruster to control heading. During
remote operations, the ship will be maneuvered by means
of a separate remote control system which is being devel-
oped by the Naval Air Warfare Center, Weapons Division.
A target barge will be towed about 150 feet astern of the
SDTS and will be the actual target for the anti-ship missiles
and target drones.

The ship is expected to remain underway on the test range
thronghout test periods, so itis being outfitted with berthing
and messing facilities to accommodate maintenance and
test personnel. It will also have an operational helicopter
deck to help move people between the ship and control
sites,

It is expected that prior to unmanned exercises the onboard
test team onboard will make all necessary shipboard prepa-
rations for the scheduled event, transfer control to the
remote operation sites, and then depart the ship. After the
scheduled tests have been completed, they will reboard.

The combat system will be controlled from nearby San
Nicolas Island (SNI) via an encrypted RF communications
link. The SNI control site is located on a2 900-foot cliff
overlookingthe test range, which will provide line-of-sight
operating ranges of 35 to 40 miles. The communications
link is being developed by the Naval Warfare Analysis
Center (NWAC), Pomona, California.

Overview of AN/SWY-2 System
Operation

The AN/SWY-2 SDSMS which will be on SDTS includes
several operator control panels which connectto the system
using both discrete, hardwired control lines and
interprocessor communications.

Openator interface to the RAM system is provided by the
Weapon Control Processor (WCP). However, the WCP is
more than just a control panel. In addition to a panel of
switch/indicators and a LED status display, the WCP also
includes one of the RAM system’s five distributed proces-
sors. Processor functions resident in the WCP include

firing logic as well as operator control. Interprocessor
communications take place over a 1553 standard data bus.

Data Extraction (DX) from the RAM system is provided by
aninstrumentationsystem which is connected to the Launcher
Control Interface Unit (LCIU) by an NTDS Type A (MIL-
STD-1397C) interface. The DX system is controlled from a
separate keyboard, rather than the WCP.

Operation of the TAS is provided by two separate units: the
System Status Panel (SSP) and an OJ-194/UYA-4 display
console. The SSP is a unit of the TAS which functions as an
operator control panel for some of the system hardware
functions. It consists of a group of switches and indicators that
operate discrete 28 VDC control lines. The interface between
the SSP and the TAS Signal Processor is a single cable that
comprises this group of control lines. The UYA-4 console
interface to the AN/UYK-44 TAS computeris an NTDS Type
A interface.

TAS records data from the AN/UYK-44 computerona USH-
26 Cartridge Magnetic Tape Unit (CMTU). The interface
between the AN/UYK-44 and the CMTU is also NTDS Type
A. Control of the data extract function is provided by a
Keyboard Send and Receive unit (KSR), which is connected
to the AN/UYK-44 by an RS-232 interface. However, the
KSR has no control over the CMTU. Tape handler functions
such as rewinding the tape can only be accomplished at the
tape handler itself.

The Remote Control Problem

The direct, or brute force, approach to implementing remote
control of any system might be to locate a duplicate of each
control panel at the remote site, convert all of the inter-
processor data and commands into serialized data streams,
multiplex those, and transmit them between ship and shore
using high bandwidth serial communication links. Inthe case
of the AN/SWY-2 SDSMS several types of control panels and
interfaces are involved and the data rate is quite high.
Consequently, there are several problems with the direct
approach, and so the solution necessarily becomes more
complex. The problems mainly involve the transmission of
inter-processor communications, the use of system control
panels at the remote site, and the control of data extraction.

There are several problems with transmitting processor data
using the brute force approach. One is the risk of disrupting
timing in interprocessor communications. Multiplexing,
demultiplexing, and transmitting the data streams could
easily induce latencies that exceed processor interface re-
quirements. Another problem is that this approach does not
readily lend itself to error checking and recovery. Error
correction coding could be multiplexed onto the data stream,
but it would increase overhead. This approach would also
require a significant amount of custom hardware to digitize
and multiplex all of the data. Finally, handling the high data
rate of the multiplexed data would likely require multiple RF
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communication channels, which would be cumbersome to
opente as well as expensive.

The main problem with using actual system control panels
is the cost and difficulty of obtaining them. It was a
requirement for SDTS that the system be capable of both
local and remote operations, so the controf panels that are
part of the shipboard system were required to remain on the
ship. Additional units were required for the remote site.
Common control consoles like the OJ-194/UYA-4 are ex-
pensive toobtain and operate, and they require a closed loop
water system for cooling; but they are generally available.
However, control panels such as the TAS SSP and the RAM
WCP are unique system modules. It is likely that only one
unit per system is built, and there are no spares available.
The cost of contracting the manufacturer for a single addi-
tional copy of some system unit would likely be prohibitive.

The problems with remote data extraction are functional
control and data storage capacity. In order to control the
TAS and RAM DX systems, the remote control system
would have to interface with the TAS KSR and the RAM DX
instrumentation as well as with the other control consoles.
Even if it did, though, the TAS CMTU data capacity is
inadequate to record enough data fora day’s worth of remote
testing; so the DX capability would be effectively lost for
some portion of the remote operations.

THE SDTS CSRCS APPROACH

The CSRCS design makes use of several fairly simple and
common technological buvilding blocks to solve the prob-
lems of combat system remote control. Transmission of
processor 1/O data is accomplished using local area network
technology; high speed graphic workstations arc used to
simulate system control panels, and an integrated data
extraction capability is provided using high capacity CMTU
technology. Each of these areas is highlighted in the
succeeding sections. Figure 2 is a block diagram of the
CSRCs.

The central node of the CSRCS is the Remote Control
Processor (RCP). Its primary functions are to maintain the
system interfaces, provide an integrated data recording
capability, and to communicate with the remote site. The
RCP is located on the SDTS and connects, either directly or
through Remote Control Interface Units (RCIUs), to all of
the combat system elements which are to be monitored or
controlled by the CSRCS. The RCP also connects to a
communication system via an IEEE 802.3 ethernet inter-
face.

The RCIUs, which are being designed and builtby NSWSES
and General Dynamics for the TAS and RAM systems,
respectively, will provide hardware interfaces to the SSPand
WCP. The RCIUs will physically interrupt front pane!
switch circuitry and permit switch states to be set by the

Shipbeard
Display & Control
Graphics Werkstation
TAS
Remets Display & Control
Graphics Workstation

U
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O Renote Control Processor
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Voo Flash BPROM _ |
NTDS Parallel VO_J g
Test Conductor B
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Remote Display & Control 10 Tieme Code =
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Figure 2 - Self Defense Test Ship Combat System Remote Control System Block Diagram
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CSRCS operator. The RCIUs will be controlled via serial
interfaces to the RCP.

Display and control functions will be distributed between
two graphics workstations located at the control center on
San Nicolas Island. One of the workstations will function as
the TAS control terminal, and the other will function as the
RAM control terminal.

The RCP uses commercial microcomputer system building
blocks to provide a real-time processor which meets the
requirements of the CSRCS. These blocks are builtupon the
VMEBus architecture which forms the backbone of the
RCP. The VMEBus allows for interprocessor communica-
tion and expansion of the system. The MVME147S-1 board
labelled “Control Processor” in Figure 2 is the central
processor of the RCP. Its on-board peripheral interfaces
allow ittocommunicate with the RCIUs (RS-232 Senal), the
communicationsystem (ethernet), and the Exabyte tape unit
(Small Computer System Interface (SCSI)). Viathe VMEDbus,
it controls the three NTDS interface boards, the IRIG time
code reader board and the flash EPROM board. The Control
Processor executes programs which were designed and
coded at JHU/APL in the “C” programming language. The
programs run in a real-time multi-tasking environment
called “vxWorks,” which was developed by Wind River
Systems, Inc. of Alameda, California. VxWorks provides a
software development environment, a real-time, multi-task-
ing operating system kernel, and a large assortment of
software libraries which greatly simplify the development of
the RCP’s programs.

NTDS interface boards within the RCP provide interfaces to
the TAS display, TAS data extraction, and RAM LCIU data
extraction ports. The NTDS interface boards are controlled
by the Control Processor. The boards are semi-intelligent;
i.e., they are able to execute some rudimentary programs
which off-load some processing from the Control Processor.
Inaddition, the boards actas Direct Memory Access (DMA)
devices with respect to the control processor. When com-
manded to do so, the boards move data across the VMEbus
to or from the Control Processor, thereby relieving the
Control Processor of the processing burden of moving the
data. The boards generate VMEDbus interrupts to the Control
Processor in order to indicate the completion of commands.

The TAS display NTDS interface board, under the control
of the Control Processor, performs the necessary NTDS
interface protocol to cause the TAS computer to transfer data
asif it were connected toa real OJ-194 console. The display
dataistransferred by the NTDS interface board to the control
processor which, in turn, transfers it to the TAS display
terminal at the remote site to be displayed. Similarly TAS
display console responses are transmitted from the display
to the Control Processor, which sends them to the TAS
computer via the NTDS interface board. In general the
Control Processor is not concerned with the contents of the
data buffers; it simply sends them to the TAS display

terminal to be interpreted.

The TAS data extraction port is very similar. Under the
control of the Control Processor, the TAS data extraction
NTDS interface board performs the necessary protocol to
make the TAS computer believe that it is connected to an
actual Navy recording unit. When data is received by the
Control Processor it is passed to a tape control task which
writes it, along with data extracted from othersources, to the
Exabyte tape unit. The data extractiontask time tags all data
written to tape with system time read from the IRIG-B time
code reader board.

At the remote site, the TAS workstation will have ethernet
connections to the communication link and the RAM work-
station, for which it will also function as a network server.
A color monitor will also be located in the control center to
provide an additional TAS console display.

The works* ‘on which is used as the TAS terminal primarily
simulates the appearance and function of an OJ-194/UY A-
4. The workstation and the graphics software that runs on it
utilize windows to implement the various features of an
actual OJ-194. These windows include a Digital Display
Indicator (DDI) window, Plan position Indicator (PPI) win-
dow, Variable Action Button (VAB) selection panel, Digital
Data Entry Unit (DDEU), and Radar/Range knobs. A
window is also provided to simulate the SSP. The other
workstation simulates the appearance and function of the
RAMWCEP. Ithas windows for operator controls and system
status displays. Each workstation has a three-buttoned
mouse that allows an operator to interact with the combat
systems through a pointing and clicking technique.

In addition to console simulation, the TAS workstation also
provides the ability to control the CSRCS itself. Such
functions as RCP data extract control, tape downloading to
land, and seif test functions are contro!led through graphical
operator interfaces on the workstation.

A third workstation, which will be located on the ship and
will be identical to the TAS terminal, will serve as a
diagnostic tool and permit “remote” operation of the system
onboard the ship. It will have an ethernet connection to the
RCP.

The RF link uses commercially availablc equipment to
encrypt and modulate the network traffic for RF transmis-
sion. It will transfer data between the RCP and the remote
site overanethernetinterface. The characteristics of the link
are beyond the scope of this paper.

Application of Local Area Network (LAN)
Technology to the CSRCS
Communication Problem

LAN technology has been used commercially for inter-
computer communications for several years. In particular,
computers using the UNIX operating system have used
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commercially available ethernet hardware together with
standard software routines designed to implement accepted
communications protocols such as the Internet Protocol (IP).
Two recent developments have made it feasible to apply
LAN technology to the remote communications problem.
One of these developments is the availability of encryption
devices and transmitters which allow ethernet to be ex-
tended through an RF link rather than a physical connection;
and the other is the availability of software to implement the
accepted communication protocols in a real-time multipro-
cessor board environment. Using these developments, it is
possible to communicate reliably between a microprocessor
board and a stand-alone computer system, such as the
display workstations used in the CSRCS, without baving to
know the lower level workings of the protocols.

In particular, the CSRCS uses the UNIX communication
mechanism called a “socket,” which is built on the industry
slandard Transport Control Protocol/Internet Protocol (TCP/
IP) to allow communications between the microprocessor
board in the RCP and the display and control workstations
on both the ship and land sites. In both the microprocessor
and graphic workstation environments, a pre-defined series
of system calls are made in order to establish the socket
connection. Once this is done, a virtual circuit exists
between the two points which allows error-free communica-
tion. Data can then be exchanged across the socket using
simple and well defined input/outputsubroutine calls tosend
data to, and receive data from, the UNIX sockets.

The TCP/IP protocol also has the advantages of providing
communication that is reliable, homogeneous, and fast. Itis
reliable because all data is guaranteed to arrive correctly, in
the right order, and withoutduplication. The TCP/IPsockets
are homogeneous in that communication takes place among
processes without regard to their location on a network orthe
operating systems through which they function. Communi-
cation can occur across the back plane, across an ethernet,
or over a combination of networks. For SDTS, an applica-
tion on a graphic workstation running the UNIX operating
system can communicate over a local area network with an
application ona MVME147 microprocessor running a real-
time operating system (VxWorks). Finally, the TCP/IP
sockets provide very fast data rates between the two hosts.
Data rates as high as one-half megabytes per second are
possible. This exceeds the data transfer requirements for
operator interaction with the combat system and for the real-
time display of irack data, DDI information, and WCP
status.

Tests of actual socket communications between a micropro-
cessor board and a UNIX workstation have provided evi-
dence of sufficient bandwidth for the CSRCS application. A
summary of throughput measurements for TCP/IP sockets is
shown in Table 1. For the results shown, communication
was between two MVME147 microprocessors running the
VxWorks operating system. Data was sent from one micro-
processor to the other and timing statistics kept. The size of

Sanders, et al
Table 1: Socket Data Rates with TCP/IP Protocol
Block Size (bytes) Throughput(bytes/sec)
1 2222
256 251803
512 323368
768 390508
1024 538947
2048 568888

the data buffers was varied.

Application of Graphic Display
Workstations to the CSRCS Console
Emulation Problem

To overcome the problems associated with using actual
system consoles for remote control, the CSRCS simulates
the combat system control panels using commercially avail-
able graphic workstations. Graphic workstations are simple
to obtainand maintain. They are relatively inexpensive, and
they have built-in network interfaces.

Graphic workstations are well suited for use as system
control consoles for several reasons. One is that extensive
graphical manipulation software libraries are available which
greatly simplify the task of console simulation. The graphi-
calinterface tothe usercan be made to present a ook and feel
verysimilarto that of the actual consoles. Anotheris thatthe
modularity of the windowing feature allows forexpandability
of the system. Additional windows can be created to
implement additional operator interfaces. For example, an
additional control window on the TAS control workstation
simulates and provides an operator interface to the SSP,
allowing the one worlstation to be used as an SSP as well as
an OJ-194,

Finally, the workstations can be used to perform other
functions in addition to console simulation. They can also
be used as development stations, file servers, debugging
aids, and data reduction tools. These additional uses helpto
reduce the overall cost and development time of the system.

Application of High Capacity Magnetic
Tape Cartridge Technology to the
CSRCS Data Extraction Problem

The problems of limited data capacity and remote control of
data recording devices on the SDTS were overcome by
adding a commercial streaming CMTU and associated
control and processing software to the RCP. The CMTU has
a larger data capacity than units currently used in the system
and can be completely controlled t* rough operator control
windows on one of the graphic workstations.
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Data from the TAS system, RAM system, and RCP operator
interactions are tagged with IRIG-B time and are stored on
a single, compact tape cartridge. Data can be extracted at
rates up to 240 kilobytes per second in physical records that
are 48 kilobytes long. Itis estimated that a tape cartridge can
hold over 48 hours of RCP data, TAS data, and RAM data.
RCP tape control provided by the workstation allows mul-
tiple files to be placed on a cartridge. Extracted data canbe
transferred from the RCP to the land-based computer host-
ing the TAS console emulator. This will allow data to be
retrieved immediately followingtest exercises without wait-
ing for tape cartridge recovery from the ship. Italso creates
the potential for quick-look data reduction using the graphic
workstations.

The RCP tape unit is an EXABYTE Corporation model
EXB-8200 CMTU. The EXB-8200 is a high-performance,
high-capacity 8mm cartridge tape subsystem that includes
an integral SCSI interface. The EXB-8200 uses advanced
helical scan technology derived from 8mm video technol-
ogy, which affords high recording density and data storage
capacity. It uses the industry-standard 8mm data cartridge,
which is removable, re-writable, and which can store over
two gigabytes of formatted user data. The EXB-8200
conforms to the dimensions of the industry standard 5.25-
inch form factor, which simplifies its installation.

Helical scan recording offers many advantages over station-
ary head recording. Advantages include increased record-
ing density, small physical size, gentle tape bandling, low
power consumption, high reliability, and affordable cost.
The helical scanning tape head gives an apparent tape speed
of 148 inches persecond while the tape is really moving at
0.4100.55 inches persecond. This reduces forces on the tape
thereby minimizes its wear. Forces required to stop a normal
high-speed tape reel are not needed, thus reducing powerand
associated cooling requirements. Application of advances
in video recording technology reduce cost of media and
equipment. Low tape forces, reduced power requirements
and relations with consumer video technology combine to
increase reliability.

The SCSI device contains an integral SCSI controller and
formatter electronics, which perform functions normally
conducted by the host system. This frees the host for more
important work. It also employs read-after-write error
checking and automatic rewrite using on-board Error Cor-
rection Code (ECC) circuitry, and features a non-recover-
able error rate of less than 1 bit in 10" bits. The device
provides high-performance asynchronous SCSI bus data
transfer rates up to 1.5 megabytes per second.

The RCP data extract control window on the TAS console
emulator provides a complement of user commands. The
RCP operator is able to mark each extraction with its run
name, run number, and additiona! user comments, whichare
placed at the start of the file. Any message that crosses an
RCP interface can be selected for extraction based on test

requirements. Data extractions are started and stopped by
the operator. The amount of tape used is displayed in the
RCP data extract control window. The operator has the
choice of rewinding the tape and recording over old data or
forwarding the tape to append data at the end. In this way
data from a new test can be placed at the end of an existing
tape.

When an exercise is completed, extracted data can be
quickly transferred from the RCP tape drive to the land based
tape drive, which is connected to the TAS workstation. This
feature expedites the retrieval of test data at the end of a test
period.

An added advantage of the CSRCS DX capability is that a
data reduction capability could easily be added by building
onexisting features of the graphic workstation and operating
system.

CONCLUSION

The design of the SDTS CSRCS provides simple and
relatively inexpensive solutions to the complex problems of
combat system remote control by making use of modern
software design, networking techniques, and commercially
available hardware. No new technology was created in the
design of the CSRCS. Instead, it is an assembly of fairly
simple and common technological building blocks effec-
tively applied to a new problem.

The most significant problems in implementing remote
control of the integrated TAS/RAM system for the SDTS
involved the transmission of processor I/O data, the use of
system control panels for the remote site, and controlling
data extraction. Each of these problem areas was overcome
by application of commercially available technology.

The use of an ethernet LAN and UNIX TCP/IPsockets in the
CSRCS is a simple, cost effective means of solving the
complicated problem of remote data transfer. They provide
reliable communications at high data rates and at signifi-
cantly lower cost than customized solutions. Development
time and errors are reduced because standard protocols and
interfaces are well known and widely used.

The use of commercial graphics workstations as system
control consoles eliminate the problems of obtaining and
using actual system consoles. They are relatively inexpen-
sive, and are easy to obtain and to maintain. They can
perform multiple system functions and at the same time
provide a look and feel to the operator that is virtually
identical to the actual system control units.

The use of a low-cost, reliable, commercially available
cartridge tape unit with associated control and processing
software gives the CSRCS a data extraction capability
greater than the sum of existing system extract capabilities.
The CSRCS data extractsystem places data fromall systems
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on a compact, high-density tape using a wide variety of
opentortape controls. Italso provides the ability to quickly
retrieve data after an exercise, and provides the foundation
of a data reduction and cvaluation system.
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Abstract

MIL-Q-9858, QUALITY PROGRAM REQUIRE-
MENTS, has been the driving force in DoD quality
assurance standards for nearly three decades. The
International Standards Organization (ISO) 9000 series
standards, published in 1987, have dramatically im-
pacted the world’s business climate. ISO 9000 is expected
to replace the Department of Defense standard MIL-Q-
9858A, QUALITY PROGRAM REQUIREMENTS, and
MIL-1-45208A, INSPECTION SYSTEM REQUIRE-
MENTS, as the defense industry standard for quality.

The European Community’s (EC) movement towards a
free market economy required a uniform method to
evaluate the quality of suppliers’ goods and services to
help eliminate trade barriers. The ISO 9000 standard
provides a modular system of standards tomeet the EC’s
requirement. With the EC representing the world’s
largest free market, more than 90 countries have recog-
nized the standard. NATQ is currently incorporating the
standard into the ALLIED QUALITY ASSURANCE
PUBLICATIONS (AQAP) standards. Concurrently, the
U.S. Department of Defense (DoD) has proposed changes
to the Defense Federal Acquisition Regulations (DFAR)
replacing our current standards with the ISO 9000
standard. The ISO standard will have a tremendous
impact on U.S. Defense manufacturers. The major
advantage to DoD by adopting ISO 9000 will be a more
effective use of resources to ensure the purchase of
quality products.

It will soon become evident that to remain competitive in
the international market, U.S. companies will have a vital
need to become certified to the ISO 9000 standard. An
indispensable instrument of successful management to-

day is a method to evaluate a supplier's quality system.
Defense personnelinvolved with acquisition need a work-
ingknowledge of quality standards and systems. The ISO
9000 standard is management’s future control system for
industrial and design quality. This paper will introduce
the ISO 9000 standard, compare the standard to MIL-Q-
9858A and review proposed DoD implementation of the
standard. We will also discuss the benefits and issues
surrounding the DoD)’s use of the standard.

LIST OF TABLES & FIGURES

Table 1 LIST OF ISO 9000 SERIES DOCUMENTS
Table2  ISO 9001 COMPARED TO MIL-Q-9858A
Figure 1 RELATIONSHIP FLOW CHART

NOTATIONS/DEFINITIONS/

ABBREVIATIONS

ANSI AMERICAN NATIONAL STANDARDS
INSTITUTE

ASQC AMERICAN SOCIETY FOR QUALITY
CONTROL

AQAP ALLIED QUALITY ASSURANCE
PUBLICATION

BS BRITISH STANDARD

DFAR DEFENSE FEDERAL ACQUISITION
REGULATIONS

DoD UNITED STATES DEPARTMENT OF
DEFENSE

DODISS DoD INDEX OF SPECIFICATIONS
AND STANDARDS

EC EUROPEAN COMMUNITY

EN EUROPEAN STANDARD

ISO INTERNATIONAL STANDARDS
ORGANIZATION

NATO NORTH ATLANTIC TREATY
ORGANIZATION

RAB REGISTRAR ACCREDITATION BOARD

Overview of ISO 9000

In today’s market, industries are finding their principal
competitors and suppliers include companies headquartered
in other countries. Product development and marketing
strategies mustbe global to compete intoday’s market place.
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The quality of products and services continues to grow as an
important factor to success within a market. The adoption
and recognition of an international quality standard is cru-
cial to providing the necessary assurance to the customer in
a global market. The defense industry also requires an
efficient method of evaluating a supplier’s quality system.

The pressure for an international quality standard led to the
International Standards Organization (ISO), in Geneva,
Switzerland, to begin working in 1983 on a proposed
standard. British Standard, BS 5750, was used as a model
for the ISO standard. BS 5750 had evolved from the U.S.
DoD defense standards and the NATO AQAP standards.
However, unique to BS 5750 was a system of certification
of suppliers not addressed by NATO or U. S. standards. The
U. S. MIL-Q-9858 standard had introduced quality system
management standards as early as 1959, but the British
system added requirements for a systematic method for
supplier quality system management certification.

The success of the British Standard, in use since the early
seventies, and the announcement of the single European
market by the end of 1992 highlighted the need for an
internationally recognized quality certification system and
standards. In 1987 ISO published the 5 standards listed
below (Table 1).

ISO 9000 Quality Management and Quality Assur-
ance Standards-Guidelines for Selection
and Use
Quality Systems-Model for Quality
Assurance in Design/Development,
Production, Installation, and Servicing
Quality Systems-Model for Quality
Assurance in Production and Installation
Quality Systems-Model for Quality
Assurance in Final Inspection and Test
ISO 9004 Quality Management and Quality Systems
Elements- Guidelines

List of ISO 9000 series documents
Table [1]

ISO 9001

1SO 9002

ISO 9003

Quality Management and Quality Assurance Standards-
Guidelines for Selection and Use, ISO 9000 standard, pro-
vides basic definitions and summarizes how to select stan-
dards in the series. Quality Management and Quality
Systems Elements - Guidelines, ISO 9004 standard, pro-
vides guidance for an organization to develop and evaluate
its quality program based onthe three modelsystems defined
by 9001, 9002, and 9003.

ISO 9001, 9002, and 9003 are intended as contractual
documents between the buyer and seller to specify the
appropriate quality system model to be employed. ISO 9001
requirements are used to ensure conformance to specified

requirements during design, development, production, in-
stallation, and servicing. ISO 9002 is used when only
production and installation conformance is required to
ensure quality. The least detailed model, ISO 9003, requires
only conformance of the supplier’s final test and inspection
system (similar to U.S. MIL-1-45208A).

Shortly after the publication of ISO 9000 through 9004
standards, The EC committee for standardization approved
and adopted, without modification, these documents as EN
29000 through 29004 standards. The British standard, BS
5750, was subsequently revised to be technically equivalent
to the ISO standard. The EC is expected to evolve into the
world’s largest free market. What began as an European
standard is now becoming the global standard for quality.
The American National Standard Institute (ANSI) and the
American Society for Quality Control (ASQC) are assuming
responsibility for U.S. industry adoption of the standard.
ANSI/ASQC have published standards Q90 through Q94
which are technically equivalent to the ISO 9000 series, but
incorporate customary American language usage and spell-
ing. Basically, ANSI/ASQC Q90, BS 5750, EN 29000 and
ISO 9000 are technically equivalent documents. With the
adoption of a uniform standard, the next major step is a
systematic method for certifying companies in accordance
with ISO 9000. To remain competitive, corporate America
is moving towards ISO registration. The American Society
for Quality Control is recognized by ANSI (ANSI is the
USA’s memberof ISO) as the U.S. organization responsible
for certifying registrars. ASQC established The Registrar
Accreditation Board (RAB) to function as the US accredita-
tion body.

ISO 9000 Registration

The EC passed an agreement on July S, 1989 entitled, “A
Global Concept for Certification and Testing - An Instru-
ment to Guarantee Quality Manufactured Products”. This
agreement provided for a uniform system of certification.
By agreement and approval of the EC, each nation imple-
menting the standard has an organization that oversees the
process. Since the organization within each country may
have a different implementation process, this report will
focus on the procedure used in the United States.

With the growing worldwide acceptance of the ISO 9000
standards, customers are relying on third party certification
of suppliers’ quality systems. Recognizing the need for a
U.S. internationally recognized authority for quality assur-
ance and control, ASQC formed the Registrar Accreditation
Board (RAB) in 1989.

The RAB’s primary responsibility is to certify the compe-
tency of registrars. Registrars are companies who employ
trained and certified quality auditors. Registrars are then
responsible for certifying and reviewing a supplier’s quality
system to determine compliance to the appropriate ISO
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standard. A typical certification process includes:

* Supplier’s preparation or Pre-assessment by
Registrar

* Initial Assessment of Supplier’s Quality Manual
and Procedures

¢ Certification Audit

* Report of Audit findings and follow up require-
ments for certification

* Granting of Certification

* Monitoring/Follow-up Audits to maintain certifica-
tion

Following the audit process and routine follow up, the
Registrar issues the supplier a certificate of conformance.
The Registrar can suspend or withdraw the certification if
a facility is no longer in compliance with the standards.

By relying on the third party certification, the customer,
can reduce the need for costly quality system reviews of
suppliers. A supplier who becomes certified demonstrates
compliance with internationally accepted quality stan-
dards. For the supplier, a certified quality system reduces
the time consuming multiple audits by prospective cus-
tomers. Figure [1] graphically illustrates the relationship
between Supplier, Customer, Registrar, and accreditation

board.

The concept of quality standards and auditing is not new to the
Department of Defense. MIL-Q-21549 published in 1958
stated:

“The contractor shall audit the performance of his product
quality program in detail. The audit shall be performed ona
regularly scheduled basis by an independent audit group or
by a team of product quality supervision personnel not having
specific line responsibilities in the audit area.”

The basic shift from the DoD standards to ISO 9000 will be
reliance on the third party auditor and confidence in the
accreditation of Registrars. By relying on the third party
certification process DoD could avoid duplicating approxi-
mately 80 % of the process already reviewed by the ISO
certification audits and can focus resources on unique prob-
lems and quality issues.

The standard does provide some clear advantages to DoD
which include:

* A certified quality system demonstrates compliance
with internationally accepted standards, thus
simplifying trade practices between NATO allied
defense industry members.

* A certified quality system eliminates expensive, time
consuming, multiple audits. The result being lower
DoD surveillance costs.

Supplier

Registration

<@
<«

m

Customer

Third Party
Quality Assurance System Registrar

(ASQC)

Registrar Accreditation Board

Relationship Flow Chart Figure [1]
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180 Standards for Canmicheel
REQUIREMENT 1500001 MiL-ossssa| Comparing ISO 9000 to
Management responsibility o MIL-Q-9858A
Quality system principles ’ The DoD Quality Assurance Council’s
Economic/Cost related to quality - memorandum of Feb 7, 1991 approved the
Auditing (Internal) - adoption of ANSI/ASQC Q90 scries stan-
Marketing (Contract review) o dards. Recall, the ANSI/ASQC documents

Specification and design (design controls)
Procurement & purchasing

Production and process control

Control of production °

Material control, traceability,
and identification

Control of verification status
(inspection & test status)

Production verification (inspection & testing)
Control of measuring & test equipment
Control of non-conforming material
Corrective action

Handling & post-production activity
After-sale servicing

Document & record control

Quality records

Personnel & training

Statistical techniques °
Purchaser supplied product

KEY Table [2]
- Detailed Requirement ° Less stringent requirement
- Not specifically addressed

ISO 9001 Compared to MIL-Q-9858A
Table [2]

are technically equivalent to ISO 9000 series
standards. The memorandumstates thedocu-
ments will be listed in the DoD Index of
Specifications and Standards (DODISS).

The detailed proposed plan for DoD’s adop-
tion of the ISO standards is outlined below:

- * ASNI/ASQC Q91(ISO 9001), Q92(ISO
9002), Q93(ISO 9003) to be adopted in
their entirety.

¢ Standards listed in DODISS

* DoD will not require certification but
will recognize it.

* Proposed DFAR changes are in process

* NATO supplement to AQAP documents
identifying unique requirements not
specified by ISO 9000 series

* DoD MIL-Q-9858A and MIL-I-45208A
- to be superseded by ASNI/ASQC Q91,
. Q92, Q93.

* ASNI/ASQC Q90(ISO 9000) and
Q94(ISO 9004) will probably be used as
guidance documents replacing military
handbooks covering MIL-Q-9858A or
MIL-1-45208A.

The implementation plan recommends that
MIL-Q-9858A and MIL-I-45208A be re-
placed with the ANSI/ASQC Q90 series
standards. To describe the impact on the
defense industry, table (2), provides a com-

* A centified quality system improves efficiency in
production and distribution, thus reducing long
term overhead, rework and inspection costs.

It is interesting to note that many companies have multiple
government agencies as customers who audit based on
different standards. ISO acceptance will standardize gov-
emment by cutting redundancy and stream line procurement
requirements. There are clear advantages for DoD’s adop-
tion of the standard. The challenge for DoD will be the
implementation and transition from MIL-Q-9858A to the
ISO standards.

parison between MIL-Q-9858A and ISO
9001.

Both ISO 9001 and Mil-Q-9858A have many common
features which include:

* Generic requirements which are not specific to
product or industry

* Requirements for quality to be designed and built
into a product or service

* Periodic management review and commitment to a
quality program are required

However, 9001 expands on technical requirements such as
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design, productidentification and traceability, management’s
commitment, internal quality auditing, service and training.
ISO9001 also clearly states that the responsibility for quality
belong to top management. ISO 9001 places more respon-
sibility on the organization’s management for the quality of
the products and the systems used to produce it. ISO 9001,
addresses contract review requirements not specifically
covered by MIL-Q-9858A.

While both standards address the requirement for corrective
action systems, the implementation philosophy is different.
MIL-Q-9858A focuses on the analysis and evaluation of
defect trends as the method for corrective action. ISO 9001
emphasizes preventing the reoccurrence of non-conforming
products. Total quality management principles and statisti-
cal quality control techniques are usefu! in preventing non-
conformance from occurring. Total quality management
suggests that we must identify and review the processes in
orderto prevent non-conforming products andservices. The
ISO 9000 series standards provide a model for development
of a quality system and continuous process improvement.

A major difference between the standards involves the
requirement for measuring and testing equipment. MIL-Q-
9858A requires and specifies the use of MIL-STD-45662,
Calibration System Requirements, by the contractor. ISO
9001’s requirement is very general and relies on nationally
recognized standards. This will require the DoD engineer-
ing community to clearly communicate to the contracting
community the MIL-Q-9858A requirements which may still
be valid. Standards or requirements like, MIL-STD-45662,
must be clearly stated in the contract or a DoD supplement
to ISO 9001.

The ISO 9000 documents will serve as a valuable base line
for developing and establishing defense industry specific
requirements. Careful review, by the technical community,
is important for successful ISO9000implementation. It will
be critical for DoD organizations to have supplemental
requirement documenis to ensure that details, like MIL-
STD-45662, are not over looked by the acquisition process.
The discrepancies between MIL-Q-9858A and ISO 9000
have to be clarified before DoD transition to ISO 9000 can
be completed.

ISO 9000 within DoD

Since each supplier to DoD is unique and has it own set of
problems and challenges, there is no single best way foran
organization to implement the ISO 9000 standard. The
“cook book” or “check list” approach common with MIL-Q-
9858A will not work well with the ISO 9000 documents. The
Defense Logistics Agency’s In-Plant Quality Evaluation
program is attempting to move away from “check list”
standards for monitoring quality. The ISO documents are
designed for flexibility and are not industry specific. The
technical community must consider industry specific re-

quirements when establishing quality requirements. The
ISO 9000 standards are more user friendly than the current
standards. This flexibility, if applied with sound engineering
judgement, can improve the communication process be-
tween DoD and its suppliers. ISO 9000 can provide a strong
foundation for a supplier’s quality system.

The design community can no longer simply “produce” the
design and view quality as the responsibility of contract
administration. The reliance on a manufacturer’s quality
system must involve the product engineer’s work to identify
which process steps should be monitored and controlled to
ensure quality.

Earlier we established the advantages of the ISO 9000
standard and the forces pushing for acceptance. However,
implementation will require time, and management’s com-
mitment to a defense industry quality standardization.
Obstacles to the ISO 9000 acceptance include:

* Short term cost of implementation (to contractor
and indirect government costs)

* Acceptability of third-party audits
¢ Security

* Reconciliation of requirements with the current
standards

In additica, the general inertia to change and the nature of
the long-term relationship between DoD and its suppliers
will require time for transition. Major procurement last for
decades. This will require “grandfathering” of MIL-Q-
9858A for several years. It is unlikely the government will
pay the cost of a proven supplier to change from the current
standard to an ISO 9000 system. However, DoD procure-
ment agencies should consider allowing contractor’s to
substitute an ISO 9000 based system for MIL-Q-9858A or
MIL-I-45208A system at no additional cost to the govern-
ment. By allowing the ISO 9000 based system the contractor
will not have the potential problem of operating a system
which complies to both military and industry standards.

Sever-” NoD suppliers are already adjusting their quality
conh. .tems to comply with ISO 9000 system to meet the
needs 4. wie global market. Accepting the ISO 9000 system
could save money by not requiring the contractor to maintain
a system which complies with both standards. Requiring
third-party audits immediately could place a large burdenon
small businesses whose only customer is DoD. Gradual
acceptance of third-party audits is more likely.

Indusiry forces will probably drive the transition to ISO 9000
for the following reasons:

* The series provides a “road map” to improvement of
business operations and quality.

* Economic conditions may hasten adoption of third-
party audits in order to reduce costs.
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* Conformance to ISO 9000 will be required to
compete in the global market.

* The process of certification can take one to two
years. Contractors who start the process early will
have a competitive advantage.

Designing a Total Quality System

Don’t expect ISO 9000 registration to solve quality prob-
lems. It is simply one of the essential tools required for
quality improvement. The ISO standard is a bascline for
good business practices and continuous quality improve-
ment efforts. ISO 9000 provides the foundation upon which
to build industry and technology specific requirements.

What began as an EC standard to improve trade is now
becoming the global standard for quality. ISO 9000’s
success within the U.S. defensc industry requires top gov-
emment and industry management’s support and coopera-
tion. Many of ISO 9000°s concepts are not new and are
similar to MIL-Q-9858A. ISO 9000 standards should be
allowed to compliment existing quality systems by using it
as a model for quality improvement.

The world wide pressure to adopt the ISO 9000 standard may
cause some organizations to loose sight of the standard’s
objective for quality system management. ISO 9000 is not
a “quick fix” to the problems previously attributed to MIL-
Q-9858A. Management should encourage a systematic
method for quality improvement, and ISO 9000 can serve as
management’s model for a quality system.
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Abstract

Recent improvements to the Logistics Readiness Review
(LRR) process have the potential to significantly im-
prove the logistics planning process. The logistics knowl-
edge base assembled by SEA-04 and functional matter
experts, in addition to defining logistics tasks and mile-
stones, includes systems engineering, budgeting, con-
tracting and work progressing tasks.

The generic LRR templates, which provide estimated
task durations and interdependencies for a notional
weapon system acquisition program, can be quickly
tailored to produce a program specific Program Master
Plan (PMP). The PMP, upon approval, becomes the
baseline plan for execution and for assessing program

progress.

LIST OF FIGURES

1. Key Program Events

2. Configuration Management Plan
3. Computer Resource Plan

4. Technical Manual Plan

S. Systems Engineering Plan

ABBREVIATIONS

ACAT Acquisition Category

CDR Critical Design Review

CRLCMP Computer Resource Life Cycle Management
Plan

DOD Department of Defense

ILS Integrated Logistics Support

LORA Level of Repair Analysis

LRFP Logistics Requirements Funding Plan

LRG Logistics Review Group (OP432)

LRR Logistics Readiness Review (SEAO4L)

NDI Non-Developmental Item

NTP Navy Training Plan

PD Position Description

PM Program Manager

PMP Program Master Plan

TEMP Test and Evaluation Master Plan

TQL Total Quality Leadership

TRS Technical Repair Standard

BACKGROUND

NAVSEA'’s mission is to transform military requirements,
as stated in a Mission Needs Statement, into a reliable,
affordable and supportable weapon system. As the weapon
system progresses through the systems engineering devel-
opment process, the logistics support elements are also
being developed and tested. Prior to each acquisition
milestone the program is assessed for logistics supportabil-
ity inaccordance with DOD Instruction 5000.2 of 23 Febru-
ary 1991; “...integrated logistic support progress of the
preceding phase and the plans for the following phase will
be addressed at each milestone decision point.” For Acqui-
sition Category (ACAT) I and Il programs, this independent
logistics assessment is accomplished by the Logistics Re-
view Group (LRG) administered by OP-432. ForNAVSEA
ACAT Il and IV programs the independent logistics assess-
ment is accomplished by the Logistics Readiness Review
(LRR) team administered by SEA-O4L.

PROBLEMS DEFINED

The NAVSEA LRR team has reviewed approximately 250
acquisition programs over the past nine years. An analysis
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of the logistics findings from these reviews highlights the
fact that many programs experienced the same, or similar,
problems. An effort was undertaken to diagnose the statis-
tically significant logistics problems and prescribe a remedy
to these recurring problems. The problems defined below
are a result of that analysis.

1) Lack of Planning - The Program Manager (PM) did not
have detailed logistics plans, or documentation that indi-
cated logistics planning had taken place.

2) Conflicting Plans - The PM generated and maintained
multiple program, acquisition, logistics and funding plans.
Many of these plans presented conflicting schedules.

3) Non-Integrated ILS Plans - Closely related to the
schedule problem above, but so significant that it deserves
to be addressed separately, is the issue of non-integrated ILS
planning. Itis important to understand that the ILS element
plans are very focused. They address the specific ILS
element. The individual ILS element plans do not address
interrelationships or dependencies with other ILS elements.
Nor, do the plans address how the ILS clement relates to the
system engineering process. This is significant because it is
the systems engineering process that generates the source
information for most of the logistics products.

Two examples will illustrate these interrelationships:

First - The importance of the Critical Design Review (CDR)
and the data deliverables necessary to supportthe CDR were
seldom addressed. The review of product drawings and
other design documents by the Program Manager, the sys-
tems engineer, the technical design agent, the in-service
engineering agent and the logistician prior to the CDR is
important for a meaningful and productive CDR.

Second - While the interrelationship and dependence of the
Level of Repair Analysis (LORA) on the developmentof the
repair parts lists was usually addressed, the relationship
between the LORA and Technical Repair Standards (TRS)
was not.

4) Inadequate LRFP - The Logistics Requirements Funding
Plan (LRFP) did not track tasks to be performed, or products
to be delivered. There was little to no correlation between
the ILS plans and the detailed LRFP.

ROOT CAUSES OF PROBLEMS

After defining the problems, we asked ourselves the ques-
tions, “Why did this occur?” and “What are the root causes
for this problem to occur time after time?”

1) Lack of Planning - There arc two basic reasons for lack
of planning. First, many PM’s are not aliowed enough time
to accomplish proper planning AND obligate the program
funds. Corporately, we place more emphasis on obligation
rates than on adequate ILS planning. Second, many PMs

lack a properly trained professional logistics staff.

2) Conflicting Plans - Current DOD and Navy policy
requires more than 50 separate acquisition and related ILS
plans be developed and maintained consistent; configura-
tion management plans, technical manual plans, technical
data plans, supply support plans, training plans, test and
cvaluation plans, safety plans, quality plans, etc., etc. Each
planincludes a schedule of tasks to be accomplished and key
program events. More often than not, each plan portrays a
different program schedule. There are as many different
schedules as there are plans. The multitude of different
schedules is understandable if one considers that the plans
are generated at different points in time, by different support
personnel, each with a different perspective and understand-
ing of the acquisition process. It is fair to say that the
multitude of plans and schedules cause confusion, and added
expense, to both the Program Manager and the logistics
review team.

3) Non-Integrated ILS Plans - NAVSEA has developed
specialists over the years; specialists in supply support,
technical manuals, training course development, safety,
reliability, depot maintenance, transportation and mission
critical computer resources, to mentiona few. Each special-
ist is narrowly focuses on the particular logistics element
described by the specialists position description (PD) and
the organizational responsibilities of the sub-group to which
the specialist belongs. When specialists venture outside the
defined envelope, questions arise relative to ownership of
turf. People get very protective and combative when
‘outsiders’ ventures onto their turf. The specialists adapted
quickly to this environment and learned to stay in their own
backyard. They have accordingly adopted the safe approach
of addressing only their functional specialty.

Inaddition, organizational barriers exist in many acquisition
programoffices. The systems engineers and the logisticians
are placed in separate subsets of the organization. Organi-
zational barriers to a free exchange of program information
are often tolerated. The systems engineers ‘do their thing’
and the logisticians ‘do their thing’, oblivious to the others
needs.

4) Inadequate LRFP - An inadequate LRFP is a direct
consequence of inadequate logistics planning. Without a
comprehensive, integrated ILS plan it is almost impossible
to develop a meaningful life-time cost estimate. The ILS
plan forms the basis for the life-time cost estimate. Without
a detailed bottoms-up cost estimate for each ILS task and
each ILS product over the life of the program, the Program
Manageris at risk of introducing the weapon systeminto the
Fleet without proper financial support. In addition, without
the detailed life-time costestimate, the acquisition decision-
maker does not have all the facts to answer the affordability
question.
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SOLUTIONS

As we were analyzing the logistics findings and defining
root causes, we were also reflecting on how we conducted
the logistics review business. As expected, we found thatthe
LRG/LRR teams suffered from many of the same problems

integration of the ILS element templates.

A key program event template per DOD Instruction 5000.1
was

identified as a framework prior to developing each ILS
clement template. (See Figure 1) After each ILS element

KEY PROGRAM EVENTS
Fiqure 1

1992 | 1993 | 1994 | 1995

Tosk Name

1996 | 1997 | 1998 | 1999 | 2000

identify Mission Need |
Milestone 0 (Commence CON EXia
Receive New Start Authorizaton

Concept Exploration

Define Functional Baseline
Milestone | (Commence DEM/VAL
Mword DEM/VAL Contract
Alocate Functional Rqmts

Define Allocated Baseline
Milestone Il (Commence EMD)

Aword EMD Controct

..................................

Design ond Test System

Define Product Baseline

Milestone KA

Aword LRIP Contract

Conduct TECHEVAL

Conduct OPEVAL
Milestone ¥ (Commence Prod)

.............

Aword Production Contract
oc

..................................

as the program office logisticians. The LRG/LRR team
members are ILS element specialists and suffer from the
same single dimensional, non-integrated perspective. For
example, supply support planning, Level of Repair Analysis
(LORA), technical manual planning and planning for the
training program are under the purview of four different
review team members. The ILS plans are reviewed as
scparate, non-integrated elements using single dimensional
check-lists.

To overcome the very narrowly focused, single dimensional
reviews, SEA-04L, assisted by subject matter experts, de-
veloped vertically integrated ILS clement templates by
adding the dimensions of time and dependency to the flat
check-lists. The dimension of time is necessary to assess the
probability of an action being complete, or a product being
delivered by the need date. The dimension of dependency
speaks to predecessor and successor tasks (inputs and out-
puts), and facilitates the review of interfaces between ILS
clements and the systems engincering process. The defining
of predecessor and successortasks also facilitates horizontal

template was developed, the element template was horizon-
tally integrated into a master logistics network. (See ex-
amples, Figures 2, 3 & 4) Dependent tasks were joined to
form a logical sequence of tasks and events that graphically
depicted the integrated logistics planning, acquisition and
support process. By adding the dimensions of time and
dependency, a more complete and accurate ‘yardstick’ to
measure the logistics health of the acquisition programs was
created.

Having developed a master logistics network, it was a small
step to add several systems engineering tasks, contracting
tasks, budget and funding tasks, and key program mile-
stones. (See Figure 5) What resulted was a generic Program
Master Plan (PMP) that included all the elements necessary
to plan or assess an acquisition program.

With feedback from Program Managers the PMP will im-
prove over time. This weapon system acquisition process
model will be continuously updated and improved, inaccor-
dance with Total Quality Leadership (TQL) methodology.
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TECHNICAL MANUAL PLAN
Figure 4
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SYSTEMS ENGINEERING PLAN
Figure 5

Task Name

1992 | 1993 | 1994 | 1995 | 1896 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002

Appoint Project Engineer

Select Technical Design Agent

Concept Exploration

Deiver Prelim Sys/Seq Spec

Defiver System Spec (Type A)

Alocate Functional Romis

Deliver_Technical Reports

Defiver Prefim Deviopment Spec

Defiver Devipmnt Spec (Type B)

Design ond Test System

Generate ECPs & Design Changes

Build and Test LRIP Systems

Produce and Test Systems
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Let’s now return to a discussion of solutions to the Program
Manager’s logistics problems.

1) Lack of Planning - Although the LRR templates and
generic PMP were developed to assist the LRR team mem-
bers conduct a more through logistics review, the templates
offer the Program Manager a valuable planning tool that can
quickly be adapted to meet the specific needs of the project.
Within a few weeks of receiving authorization to begin a
new program, or to modify an existing weapon system
program, the PM, with help from the ILS management team
and the systems engineer, cantailor the generic PMP to meet
the specific requirements of the program. The knowledge
base built into the generic PMP facilitates the development
of a comprehensive, program specific ILS planand program
master plan.

2) Conflicting rians - Integration of system engineering,
budget and funding, acquisition planning and ILS into a
single PMP eliminates conflicting plans. All participants
share the same plan, the same schedule. The PMP includes
all the sub-plans necessary to manage a weapon system
acquisition program. With the addition of a background
paragraph and a system description, the PMP provides
computer generated Gantt charts, PERT networks and bud-
get sheets necessary to satisfy most of the 50 odd plans
required by current policy. At present the Acquisition Plan,
the Test and Evaluation Master Plan (TEMP), the Navy
Training Plan (NTP), and the Computer Resources Life
Cycle Management Plan (CRLCMP) need to be packaged
separately because they require approval outside the pro-
gram office.

3) Non-Integrated ILS Plans - Integrating separate ILS
element plans, paying particular attention to inputs to each
task and outputs from each task has resulted in a very good
logistics process model. ILS element specialists partici-
pated in the development of logistics element templates and
the integration into a logical sequence of interrelated tasks.
Experts in the post-production product support phase were
also included on the integration team. The result is a fully
integrated ILS plan where task durations are estimated and
task dependencies are established.

4) Inadequate LRFP - As each task in the logistics template
is tailored for a particular acquisition program, a bottoms-up
cost estimate is developed. The estimate is linked directly
to that task. When the task is rescheduled, the funding
requirement to accomplish that task is automatically re-
scheduled. The program tasks and the attendant funding
requirements are correlated on a one-to-one basis.

ADDITIONAL BENEFITS OF LRR
TEMPLATES

1) Self-Paced Training - The LRR templates have unlimited
usefulness to LRG/LRR team members, team leaders, logis-
tics interns and other logistics and acquisition learners. The
templates provide quantitative and qualitative descriptive
information suitable for both personal and classroom use.

2) Standard PC & NDI Software - The LRR Templates
operate on a standard MS-DOS PC with TIMELINE (tm)
Program Management software.

3) Standard Interfaces - The LRR templates interface with
standard database and spreadsheet software. This allows the
template information to be shared with other Navy ADP
systems.

4) Minimum Variance - Standardized templates provide a
baseline acquisition process model. By using the standard
templates the PM will minimize planning variance and
improve the probability of weapon system acquisition pro-
gram success. The acquisition program will be properly
planned from the beginning.

S) Extensive References - Applicable instructions, direc-
tives and handbooks are referenced. Often specific para-
graphs are highlighted and points-of-contactare listed in the
templates. The PMP provides a very complete and accurate
picture of the acquisition process and as such provides an
understanding of the process that can’t be gained by simply
reading the applicable directives.

6) Flexibility - The templates are flexible. Tasks may be
added, deleted or tailored for non-developmental items
(NDI), smalil boats, orother product lines. The templatescan
be quickly updated when new or revised policy is received.

7) Cost Effective - No paper would be complete in today’s
environment without a discussion of affordability. The
templates, if used by all NAVSEA Program Managers, have
the potential of significant cost savings per year. The cost
savings result from the fact that program offices will now be
able to quickly and accurately develop ILS plans and many
logistics element plans in-house, vice contracting out for this
effort.

SUMMARY OF BENEFITS

1) Rapid and accurate program planning. [1]

2) Integration of tasks and funding requirements.

3) Standardized weapon system acquisition process model.
4) Facilitates process analysis and improvements.

5) Promotes understanding of weapon system acquisition

Association of Sclentists and Engineers
20th Annual Technical Symposium, 28 May 1992 6




Conley Logistics Readiness Review ‘Eﬂ Tempiates

and attendant logistics support processes.
6) Flexibility to add, delete or modify tasks and milestones.

7) Models process changes before they are implemented.

8) Minimizes need for directives and instructions.

CONCLUSIONS

The elements of logistics, working in harmony with systems
cngineering, acquisition and funding processes will accom-
plish the NAVSEA goal of translating mission needs into
high quality products and support systems for our
customers...the fleet sailors.

(1] To obtain a copy of the LRR Templates, contact Mr.
Dave Conley at (703) 607-1700.
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Abstract

In 1984 the CNO officially established the Navy Insensi-
tive Munitions (IM) Program. The survivability of ships,
weapon platforms and stockpiles would be improved by
reducing thesensitivity of munitions, and the CNOissued
the Navy’s policy on IM. The Navy IM Program’s
mission is to direct and manage all Navy efforts in the
development and transfer of IM technology to weapon
developers. “Munitions” include all energetic devices,
such as bombs, missiles, torpedoes, mines, pyrotechnics,
demolition charges and special purpose devices. Insen-
sitive munitions are defined as those munitions which
reliably fulfill their performance, readiness and opera-
tional requirements on demand, but which minimize the
violence of a reaction and subsequent collateral damage
when subjected to unplanned heat, shock, or fragment
impact.

This paper will discuss how the Navy IM Program affects
weapons system design and development, as well as its
impact on shipboard munitions stowage and ship surviv.
ability. Imsensitive munitions technology development
concentrates its efforts on significantly improving the
weapon systems’ overall IM performance. Continuous
programs on propulsion, warhead, and ordnance system
responses are showing measurable progress.

LIST OF TABLES

Table 1 IMAD Propulsion Technology Applications

NOTATIONS/DEFINITIONS/

ABBREVIATIONS

IM Insensitive Munitions

IMAD Insensitive Munitions Advanced Development

NAVSEA Naval Sea Systems Command

WSESRB  Weapon Systems Explosive Safety Review
Board

IMC Insensitive Munitions Council

OPR Office of Primary Responsibility

PM Program Manager

PBX Plastic Bonded Explosive

FCO Fast Cook-Off

SCo Slow Cook-Off

BI Bullet Impact

FI Fragment Impact

SD Sympathetic Detonation

BACKGROUND

The importance of mitigating the reactions of our own
weapon systems to heat, shock, and impact while in storage,
transportation and staging configurations has been an issue
demanding the attention of many agencies, both within and
outside the Department of Defense, for many years. The
tragic incident aboard the USS Forrestal in 1967, however,
brought the issue into graphic relief. While conducting a
strike sortie a U.S. aircraft carrier had come dangerously
close to being sunk. Not as a result of enemy fire, but by its
very own weapons, in particular MK 80 series bombs, which
were cooking off in the intense heat caused by a flight deck
fuel fire, which in turn had been the direct result of the
inadvertant firing of a 5" Zuni rocket. In response to the
incident the Navy initiated the “Cook Off” program, which
sought to devise ways to prevent such a catastrophe from
happening again. Another R&D effort, the Explosives Ad-
vanced Development Program, began looking more at ways
to affectthe sensitivity of explosive fills. Outof these efforts
was spawned the present Navy Insensitive Munitions Pro-
gram. Pursuant to reccommendations contained ina Chief of
Naval Openations Executive Board (CEB) Decision Memo-
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randum, the official Navy policy on IM, OPNAVINST
8010.13 series was released in 1984.

SYSTEM DESIGN, DEVELOPMENT
AND ACQUISITION

Sensitivity characteristics of a weapon system, whether an
entirely new concept or a product improvement, affect not
only the survivability of the weaponsystemitself ina hostile
environment, but also the survivability of the launch plat-
form, transportation vehicle, and storage facility. As such,
sensitivity characterstics must be considered to be critical
system characteristics. “System characteristics dictated by
operational capability needs and constraints and critical to
the successful operation of a new or modified weapon
systemshall be identified early and specificallyaddressed in
cost-schedule-performance trade-offs. Critical system char-
acteristics are those design features that determine how well
the proposed concept or system will function in its intended
operational environment. They include survivability; trans-
portability; electronic counter-countermeasures; energy
effiency; and interoperability, standardization, and compat-
ibility with other forces and systems including support
infrastructure”[1].

Within the Department of the Navy, policy on pursuit and
effective attainment of the cost-schedule-performance trade-
offs referenced above is contained in OPNAVINST
8010.13B: “All Navy munitions, in research and develop-
ment or product improvement programs, shall be designed
to meet the prevailing technical requirements for IM, as
specified by COMNAVSEASYSCOM goveming instruc-
tions. Operational capability must be maintained, but every
reasonable effort must be made to meet operational require-
ments with the least sensitive energetic materials avail-
able”[2]. Development of such “least sensitive materials”
and other mitigating techniques is the providence of the
Navy Insensitive Munitions Advanced Development (IMAD)
Program. IMAD Program focus and accomplishments, as
they apply to specific weapon system progress, will be
discussed later in this paper.

Although OP-35 maintains ultimate authority for approval
or denial of requests by weapon program managers for
waivers and certifications, execution and oversight of the
Navy IM Program has largely been delegated to the Com-
mander, Naval Sea Systems Command
(COMNAVSEASYSCOM) as the lead systems command
for energetic materials and explosives. The Navy IM
Programs Divsion (SEA-66I), under the direction of the
Deputy Director for Combat Systems (SEA-06), is
COMNAYVSEASYSCOM'’s management agent for IM. A
representative from the Navy IM Program Office is a
permanent voting member of the Navy Weapon Systems
Engineering Safety Review Board (WSESRB), which pro-
vides input regarding system safety to the appropriate Navy

acquisition authority before each Milestone decision.
OPNAVINST 8010.13B also establishes a separate review
mechanism specifically for IM. The Insensitive Munitions
Council (IMC), chaired by OP-35, has authority to deter-
mine the IM status of a candidate weapon system, and to
direct further action by the PM. The IMC also provides
milestone decision input to the relevant Navy acquisition
authority, usually ASN(RD&A). In this fashion IM charac-
teristics of each system are reviewed at each Milestone, and
are included in the cost-schedule-performance trade-offs
mentioned above. “Each Office of Primary Responsibility
(OPR), who is usually the Weapon Program Manager (PM),
in all System Commands will incorporate appropriate tech-
nologies developed by the Insensitive Munitions Advanced
Development (IMAD) Program, similar programs of other
services, and/or DoD contractors in order to provide insen-
sitive munitions to the fleet”[3].

NAVSEAINST 8010.5B also establishes oversight mecha-
nisms and procedures. “Program Managers...must submitto
the IM Office a POA&M or [as in the case of new weapons)
a copy of the weapon’s acquisition documentation such as
the Operational Requirement (OR) or Test and Evaluation
Master Plan (TEMP)....The acquisition documentation must
include IM requirements and plans”[4]. NAVSEAINST
8010.5B directs managers to MIL-STD-2105A (Navy) for
specific guidance regarding the conduct of IM testing.

DISCUSSION

The IMAD Program’s primary mission is to develop the
technology PMs need to make theirsystems IM. The IMAD
technical approach to achieve this involves development of:
less sensitive energetic materials; mitigation devices/con-
cepts; and ordnance hardware design. The following are
examples of each technique.

LESS SENSITIVE ENERGETIC
MATERIALS.

Plasticbonded explosives (PBX) have been the primary area
of emphasis in this category. They have been particularly
useful in mitigating FI and BI reactions, but are also effec-
tive in mitigating cook-off reactions. Plasticization of
otherwise sensitive materials such as RDX and HMX through
use of elasto-polymeric binders facilitates better dissipation
of shock, thus significantly raising the initiation threshold of
high explosive materials when subjected to fragment or
bullet impact. Where TNT would detonate, PBXs have
burned or not reacted at all (e.g. bombs). Examples of other
effective applications: the MK 98 Mod 0 Mine Neutraliza-
tion Device uses PBXN-111 and passes all IM tests except
sympathetic detonation; PBXN-103 is used in the MK 46
and MK 48 torpedo warheads, which also pass all IM tests
with the exception of sympathetic detonation. With the
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introduction of continuous processing and injection loading
techniques, the benefits of using PBXs are becoming avail-
able to submunition systems, such as BLU-97 used in
Tomahawk.

MITIGATION DEVICES/CONCEPTS

The two basic categories of mitigation techniques are active
mitigation systems and passive mitigation systems. Active
systems are designed to react to changes in the ambient
environment (e.g. temperature changes) to case-open a
system before it has an opportunity to cook-off. Anexample
is the Thermally Initiated Venting System (TIVS). A
longitudinal linear shaped charge is incorporated into a
rocket motor case design to function when a cook-off
environment is sensed, thus splitting open the rocket motor
case, negatingthe rocket motor case’s confinement effecton
the propellant, which is necessary for an explosion, detona-
tion, or propulsive event to occur. Successful results have
been seen using TIVS in the AMRAAM.

Passive mitigation systems incorporate into the weapon
systemdesign the ability of the warhead orrocket motorcase
to disintegrate or rupture prior to the point where a detona-
tion, explosion, or propulsive event would normally occur
given sufficient confinement. Concepts/techniques include
strip laminate motor cases, stress risers, and preferential
insul2tion techniques. Strip laminate case are helically
wound strips of metal held together by adhesives strong
enough to withstand the operating environment but which
weaken when exposed to the high temperatures of a fast
cook-off environment. The case basically melts and falls
apart. The stress riser concept incorporates a “weak streak”
in the bomb body or warhead case. The internal pressure of
the explosive components reacting causes the bomb or
warhead case to peel open before the high explosive has an
opportunity to react under confinement.

ORDNANCE HARDWARE DESIGN

Areas of emphasis in the development of warhead technol-
ogy have been case design/materials/fabrication; dual-ex-
plosive warheads; and warhead liners.

Case design/materials/fabrication concepts seek to utilize
combinations of high strength materials as either layered
metal cases (e.g. strip laminate rocket motor cases), ceramic
coated cases, composite cases (i.e., metal and non-metallic
materials), or cases utilizing reactive materials (e.g. alumi-
num alloys).

Dual explosive warheads utilize two explosives with signifi-
cantly different output and vulnerability characteristics. An
inner core of high performance/more sensitive explosive is
surmunded by an outer cylinder of less sensitive material.
Proper material selection and ratios of sensitive/insensitive

explosives can maintain performance levels while taking
advantage of the less sensitive explosive’s shock attenuation
characteristics. This concept is most applicable to large
diameter missile warheads, although some experiments
have been conducted on bomb configurations with some
success.

The warhead liner approach utilizes 3 general techniques in
warhead liner design to decrease the liklihood of violent
reactions to IM stimuli. These three types of liner technolo-
gies are energetic liners, shock attenuating liners, and
outgassing & inhibiting liners. Energetic liners incorporate
anenergetic material (e.g. a reactive metal) into the warhead
liner design to enhance blast while reducing the vulnerabil-
ity of the warhead to shock and thermal stimuli. Shock
attenuating liners incorporate some form of shock protection
into the liner design to reduce vulnerability to FI and SD
stimuli. Outgassing and inhibiting techniques aim to pro-
vide a means for pressure release when a warhead is exposed
to a cook-off environment.

Inseveral instances all-up rounds with otherwise insensitive
high explosive fills have failed IM tests due to the violent
reaction of the fuze booster or some other part of the
initiation train. Research into advanced initiation tech-
niques attempts to solve this problem through development
and implementation of novel initiation techniques and ma-
terials which reliably initiate the main charge while passing
all IM criteria. Specific techniques include utilization of
main charge explosives in fuze booster designs, imbedded
plate boosters, laser initiation, and flying plate leads.

Materials,sheilding & container technology efforts empha-
size the incorporation of advanced materials into the design
of weapon system components to minimize thermal and
shock responses; development of models to determine a
system’s need for additional protection to prevent inadvert-
ent initiation and provide a means of estimating the degree
of protection required; and packaging and containeralterna-
tives which will reduce vulnerability to all stimuli.

PROPULSION

In the area of propulsion, the R&D must mate the propellant
development to a probable rocket motor configuration since
the interaction between propellant and motor are so closely
intertwined.

Recent emphasis within the IMAD Program has been placed
on the development of minimum smoke and reduced smoke
propellants for small diameter missiles such as Hellfire and
Sidewinder. Because of the signature requirements, these
types of propellants react very violently when subjected to
IM test environments. The program is secking to develop
non-detonable propellants which maintain signature and
performance requirements.

Another research area is booster propellants. The large
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diameter coupled with the small L/D and performance
requirements make this a unique area of investigation.
Research includes the development of tough propellants to
withstand the shock loading of bullet and fragment impact.
There is also an ongoingeffort to design a composite booster
motor case for a test vehicle.

Within the next two years, the data generated by generic
propellants in generic hardware will be transitioned to
specific systems through development contracts to industry
and transition programs between IMAD and weapon pro-
gram offices.

CONTAINERIZATION AND
PACKAGING

The area of containerization and packaging has animpacton
the entire life cycle of munitions: transportation, storage,
and deployment. Simple changes in storage containers,
packaging materials, configuration (e.g. nose-to-tail stor-
age), and the use of barriers/shields can offer the weapon
Program Manager a low cost, relatively simple solution to
some IM problems. The logistics of size, weight, and
bandling characteristics need to be considered.

A computerized model has been developed to provide
weapon systems developers with predictions of prompt
detonation under fragment impact scenarios and can also be
usedto aid inthe design of packagingschemes, includiagthe
inclusion of new materials, designs and shielding materials.

PROGRESS SHOWN IN WEAPON
SYSTEM PROGRAMS.

General Purpose Bombs

Aerially deployed weapons have been around in some form
since beginning of air warfare. The most widely used type
of air ordnance, and the type whose presence in the fleet (on
ships, air platforms, shore facilities, etc.) is most pervasive
is the General Purpose Bomb. The Navy has identified the
development of anIM certified General Purpose Bombasiits
number one insensitive munitions priority.

The most recent generation of GP Bombs before the intro-
duction of PBXs was the MK 80 series. The Navy MK 82
GP Bomb, which utilized a TNT/RDX-based fill (H-6),
consistently deflagrated, exploded or detonated when ex-
posed to IM stimuli during testing [S]. The BLU-111/Bis
animproved MK 82 GP Bombfilled with PBXN-109 instead
of H-6. Introduction of the plasticized explosive as a main
charge fill dramatically improved the IM performance of the
bomb: in two out of three FCO tests the test unit burned; in
two of two SCO tests the unit burned; in two of two Bl tests
the unit burned; and in two of two FI tests the unit burned [6].

Propulsion Systems

Within the current IMAD Propulsion Project several ap-
proaches are being pursued to reduce the sensitivity of solid
motors to the IM hazard tests. These include the evaluation
of postulates to reduce the violence of the reaction of
encased solid propellants when exposed to the IM test
stimuli, and the reduction of the confinement of the reacting
propellants through the use of motor case concepts that
degrade their pressure containment property when exposed
to the thermal environment of the slow and fast cook-off
tests. Propellant postulates being examined are: tough
compositions that will not fragment orshatter whenexposed
to bullet or fragment impacts (fragmented propellant is
hypothesized as the initiating source of high pressure explo-
sions orstimuli and allow the reduction of the loading levels
of sensitive solid oxydizers in the development of propel-
lants; and the application of new, potentially less sensitive
energetic ingredients in place of sensitive, current ingredi-
ents. The motor case investigations include the evaluation
of a hybrid case consisting of a thin steel internal shell with
venting strip openings that are sealed by overwrapping the
steel shell with a fiber composite material that degrades at
high temperatures. IN addition to these efforts, a joint
projectis being pursued with the Army (MICOM) to develop
and demonstrate the feasibility of a minimum-smoke Hellfire
technology rocket motor that meets the IM requirements.
Also, to assist in the development of insensitive propellants
and minimize development cost, small-scale tests are being
developed. These include tests whose results can be used to
predict the response of the propellant when encased to
thermal and shock stimuli encountered in the IM hazard
tests, and a methodology to predict the propellant’s detona-
tion potential during IM testing based upon small-scale
shock tests, such as the Gap and Wedge tests.

Examples of recent achievements in the propellant/propul-
sion area are as follows.

Replacement of part of the sensitive ammonium perchlorate
inthe Tomahawk MK 111 aluminized HTPB booster propel-
lant with a dense oxidizer (bismuth trioxide) provided a
significant reduction in the violence of the response of the
propellant encased in Sparrow motor hardware when sub-
jected to slow cook-off and bullet impact environments
compared with tests of the MK 111 propellant in the same
hardware. This modification also resulted in a 6% improve-
ment of the delivered density impulse (dense propellant
concept) of the propellant.

Replacing the sensitive energetic plasticizer TMETN in a
GAY reduced-smoke propellant with GAP azide energetic
plasticizerovercame a frictionsensitivity (processing) prob-
lem. The Air Force has shown considerable interest in this.
Its contractor, who is developing a reduced-smoke propel-
lant for the booster of a ducted rocket propulsion subsystem
(a product improvement for AMRAAM) is currently evalu-
ating this propellant for possible application.
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System Application Technology Drivers Application
Hazard/Fix

AIWS SCO/Composite case FY94-95

Advanced Rocket System Various/AP-composite FY92
propellant

AMRAAM Various/New propellant, FY93-95
joint effort USAF-ducted
rocket booster

ASROC Various/AP-composite FY95
propellant and advanced
cases

Cruise (Tomahawk) BI/Damage-resistant high- FY2000
density propellant

HARM SCO/Advanced case, signature FY9%

Harpoon/SLAM SCO/New burn-rate catalyst, FY92-98
propellant, case

Hellfire/HOMS FI, SCO, multiple BI, FY93
signature/New propellant
and motor to reduce
detonation hazard, joint
effort with Army

Phoenix FCO, FI FY%4

Sea Sparrow SCO, BI FY92

Sidewinder/SRM SCO, Fl, Bl/Signature, FY9%4
performance

SRAW Various/Signature, advanced FY93
case

Standard Various/Performance, FY2000
high-density propellant

TOW Various/Signature

TABLE 1. IMAD Propulsion Technology Applications

Investigation of CL-20, a recently synthesized caged
nitramine, as a potentially lower sensitivity energetic oxi-
dizer for minimum-smoke propellants has drawn the atten-
tion of the Short Range Anti-Tank Weapon (SRAW) Project
Office. They have indicated a desire to fund performance
and IM tests of the propellant developed using this ingredi-
ent.

The Multi-Mission Propulsion Technology Advanced Tech-
nology Demonstration Program is scheduled to be initiated
in FY92. The plan is to use a composite case to meet IM
cook-off requirements, as well as to obtain improved perfor-

mance caused by the lower case weight compared to a steel
case. It will be buildingupon the IMAD Program’s compos-
ite case technology.

ON THE HORIZON

The ultimate goal of the IMAD propulsion project is to
complete development and demonstration of new technol-
ogy concepts and transition them to the Flect. Some weapon
systems to which these concepts could be applied are
identified in Table 1.

5 Assoclation of Sclentists and Engineers
29th Annual Technical Symposium, 28 May 1992




U. S. Na!! insensitive Munitions Pmnm

SUMMARY

The IMAD Program approach to solving IM problems is a
systems approach. The goal is to optimize the combination
of favorable characteristics (e.g. insensitivity, performance,
lowest cost) within the existing constraints (c.g. available
technology, operational requirements, available funding) in
pursuit of systems which will be certifiable as IM. Within
the IMAD Program research is ongoing in many areas
toward IM solutions. Some combination of several technol-
ogy applications will likely be necessary in most cases to
solve the vulnerability problems of a particular weapon
system. The Navy IM Program Office is an available
resource for weapon Program Managers to seek assistance
in pursuit of IM certifiable systems.
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Abstract

The seaward entrance to the Naval Submarine Base at
Kings Bay Georgia is composed of a long shallow chan-
nel. Costand impact on the environment made dredging
a channel deep enough to accommodate safe passage of
OHIO CLASS submarines in all expected seaways pro-
hibitive. The Environmental Monitoring and Operator
Guidance System (EMOGS) is a navigational aid system
which was developed to measure inputs of wave, tide, and
channel depth in the St Mary’s entrance channel to Kings
Bay and provide guidance to ship operators in the form
of minimum expected underkeel clearance during tran-
sit. EMOGS uses a mathematical model to predict the
ships’ motions in aseaway. Environmental data is input
into the model by sensors deployed near the Kings Bay
channel.

EMOGS has been operating at Kings Bay since February
1989. This paper discusses the EMOGS development
program, the system design and installation at Kings
Bay, and other potential applications of the EMOGS

technology.

LIST OF FIGURES

1. SSBN 726 vs SSBN 640 in a Shallow Channcl

2. Comparison of Calculated Transfer Functions to Model
Test Results

3. Comparison of Calculated Transfer Functions to
Measured Trials Data

4. Factors Influencing a Ship’s Clearance in a Channel

5. Location Map of Kings Bay entrance channel and
wave measuring buoys

INTRODUCTION

The high cost of dredging, coupled with concerns about the
environmental impact of major dredging projects has caused
increasing concern over proper selection of depths for
shallow waterentrance channels to ports and harbors. Modern
deep draft Navy ships require deeper channels than exist in
some areas, particularly on the east and gulf coasts of the
United States. Channel depth then becomes an important
factorwhen considering where suchships can be homeported
orserviced. The costand environmental impact of dredging
a channel to provide safe passage of a deep draft ship may
be cause for rejecting a port which would otherwise meet all
strategic and logistic requirements for the platform.

During the early planning stages of the Naval Submarine
Base at Kings Bay GA (SUBASE) it was determined that the
entrance channel would require dredging to accommodate
OHIO CLASS ships. The Navy conducted a study to
determine the channel depth required to safely operate the
new submarines in the channel without restriction. The
ships’ draft in a scaway and potential weather in the Kings
Bay area were examined. Thisstudy indicated thata channel
depthin excess of 51 feet would be required to allow the ship
to transit during all weather conditions. Channel depths of
less than 51 feet would restrict the ship from transiting in
certain weather conditions.

The cost of dredging the Kings Bay channel to 51 feet was
determined to be prohibitive. Using a mathematical model
to estimate the ships’ motions in a seaway, the Navy
predicted that a channel depth of 46 feet would provide safe
transitduringall but a few days of the year. During those few
days wave induced motions of the submarine which would
exceed channel depth. Engincers from David Taylor Re-
search Center (DTRC) (currently David Taylor Model Ba-
sin, Carderock Division, Naval Surface Warfare Center)
proposed the development of a navigational aid system
which could monitor environmental conditions and provide
warning to OHIO CLASS submarine operators whenthe risk
of impacting the bottom during transit was high. Naval Sea
Systems Command (NAVSEA) recommended the develop-
ment of this system, the Environmental Monitoring and
Operator Guidance System (EMOGS), to maximize ship
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CLEARANCES FOR SSBN 726 IN 46 FOOT
CHANNEL AND SSBN 640 IN 42 FOOT CHANNEL
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Figure (. SSBN 726 v SSBN 640 in a Shallow

operations through the Kings Bay channel and reduce the
risk of damage to the ships caused by impacting the bottom
during channel transit.

Defining The Problem

Determination of the required channel clearance of a deep
draft ship can be obtained by calculating the difference
between the ship’s draftand channel depthduringthe transit.
The factors which determine ship’s draft are: static draft,
sinkage and trim, and wave induced motions.

Asship’s navigationa] or static draft is the distance from the
waterline to the deepest point on the keel when the ship is
anchored, oratpierside. Althoughthis number may be given
asa constant, it can vary several inches with changes inwater
density. This means that water temperature, and more
importantly water salinity will effect the ship’s static draft.
Aship’s draftis also effected by the ship’s loadout condition.
In channels with limited clearance, careful consideration
must be given to ship loadout and proper ballasting.

As a deep draft ship moves forward in a shallow channel,
acceleration of the water beneath the ship’s keel creates a
“suction” effect which causes an increase in ship’s draft, or
sinkage, and a change in ship’s trim. As the ship’s speed
increases so does the ship’s sinkage and trim. In the case of
the OHIO CLASS submarine, this effect can increase a

ship’s draft in a secaway by 18 inches or more. In some
instances, ships transiting a channel at high speed can
experience anincrease indraft of several feet because of this
effect.

Ship motions are generated by waves in the seaway. The
motions inthe vertical plane, heave and pitch, actto increase
the ship’s cffective depth. This effect is exaggerated with
longer ships where a small pitch angle can produce a greater
depth excursion than on shorter ships. As figure (1) illus-
trates, a 1 degree pitch angje applied to the longer SSBN 726
CLASS submarine produces nearly a foot greater displace-
ment at the ends of the ship than on the shorter SSBN 640
CLASS. The vertical displacement of the SSBN 726
submarine is primarily generated by long period waves,
referred to as swell, from storms occurring east of the Kings
Bay entrance channel. These storms produce the conditions
which may restrict access to the channel.

The factors which influence the channel depth are: the
project depth of the channel, the astronomic tide level, and
the change in water level due to meteorological conditions.
The first parameter, the project depth of the channel, is the
minimum channel depth at mean low water (MLW). This
depth is determined by the Corps of Engineers as the
minimum depth that the channel can be before maintenance
dredging begins. The channel depth at MLW can vary
depending on sediment accumulation and dredging condi-
tions and schedule. Sediment accumulates in the channel
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because shear forces on the sea bottom gencrated by waves
and currents cause bottom sediment nearshore to move into
the channel. Periodic surveys and maintenance dredging
are required to control channel depth.

The second factor which effects channel depth during a
transit is astronomic tide level. The average tidal range at
Kings Bay is approximately 6 feet. Extreme astronomic
tides, caused by periodic alignments of the planets of the
solar system, can increase or decrease water levels by an
additional 2.5 feet. The 12 mile channel length and
consequently long transit time means that the tide level
changes measurably during a transit. This change in tide
level must be accounted for to provide a precise picture of
ship clearance as it transits the channel.

The third parameter in determiningeffective channel depth
is the effect of meteorological factors on water depth. A
long duration of high or low barometric pressure can raise
orlowerwaterlevels. Local onshore or off shore winds can
also cause setup orsetdown of the Jocal water. Combined,
the phenomena are called the meteorological tide and can
effectthe local waterlevel by 2.5 feet. Meteorologicaltide
can be estimated using rules of thumb to determine the
effect of measured winds and pressures, or the tide can be
measured directly.

The summation of all of these factors will determine a
ship’s net effective clearance, the smallestunderkeel clear-
ance expected during a channel transit. EMOGS enables
ship crews to assess the risk of touching the channel bottom
during a transit by evaluating environmental conditions
and providing this clearance information.

SYSTEM DEVELOPMENT

A aumber of steps were performed in the development of
EMOGS. First, an understanding of the dynamics of the
environment was necessary in order to determine the
critical parameters for calculating the effective channel
clearance of the OHIO CLASS submarine. Second, the
equipment required for obtaining the environmental data
and operating EMOGS was selected. Third, the computer
model of predicting the surfaced submarine motions was
developed. Finally, model testing and full scale validation
efforts were undertaken to verify the math model simula-
tion of motion.

Environmental Studies

The water depth of the channel to the Naval Submarine
Base at Kings Bay, Georgia is dynamic. As mentioned
previously, waterdepth varies accordingto the fluctuations
of a number of environmental parameters including sedi-
mentation, astronomic and meteorological tidal levels, and
wave height. Before EMOGS was installed, it was impor-
tant to acquire an understanding of the range of values that

each of the environmental parameters would be expected to
bave. Therefore, studies were conducted to monitor each of
these important parameters and determine the range of values
that would be expected to occur. A channel survey program
was performed between 1988 and 1990, reference (1). This
program collected bottom profile survey data of the channel.
These data were analyzed to determine the “controlling
depth”, the 99th percentile shallowest depth, and the mini-
mum and maximum depths. An attempt was also made to
statistically predict the amount of sediment accretion in the
channel due to storms. This was done by correlating the
difference in the channel depths before and after the storm
with the wave energy measured by wave buoys near the
channel. However, because the stormdata were not complete
enough to calibrate the model, this effort was notincorporated
in EMOGS.

In addition to the channel sedimentation, EMOGS required
anaccurate prediction of the astronomic tide and the range of
values associated with the meteorological tide, or water level
variation primarily due to extremes in wind speed and baro-
metric pressure. Data from 1987 through 1989 were collected
from a tide gage set up near the channel by the Corps of
Engineers. These data were used to calibrate ac*ronomic tidal
constituents in a tide prediction computer program. In
addition, these tide data were used to obtain a range of
meteorologic tide values by obtaining the residual between
the predicted and measured tide.

The final environmental study involved determining the
wave pattern over the length of the channel. This was
accomplished by installing three underwater pressure sensors
atthe seaward end of the channel, the turn and near the jetties
at the landward entrance. Data were collected by these gages
for two years. After examining the data, it was determined
that the waves diminished only slightly as they approached
the jetty area. Therefore, the waves near the entire length of
the offshore portion of the channel could be well represented
by buoys placed at the seaward end of the channel and at the
turn.

Equipment Selection/Design

The hardware associated with the EMOGS central station at
the Squadron 20 Operations Office consists of four wave
measuring buoys, an IBM Personal Computer (PC) compat-
ible, and a MicroVAX Workstation. Of all this equipment,
the most attention was placed on the wave measuring buoys.
Since EMOGS is a near real-time system, the buoy systems
had to meet several specific criteria. The most important of
these criteria were the following. First, the buoys must be able
to collect and record directional wave data. Second, reliable
real-time communication, Ultra High Frequency (UHF),
between the buoys and shore must be able to be established
for distances of up to 12 miles. Third, the buoys had to have
the capability of satellite communication in the event that
there was some disruption in the UHF link. Fourth, the buoys
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must be able to process the wave data on board to both
minimize the communication time between the buoys and
shore and enable satellite communication. Fifth, the buoys
must be both stable enough so as not to capsize in the steep
nearshore wave regime, and the mooring line flexible
enough so that it would not effect the motions of the buoys.
Sixth, a location sensor must be available so that the buoy
can be tracked if it is cut from the mooring line. Finally, the
buoy must be large enough so that it would not be stolen or
damaged by boat and ship traffic in and around the channel.
The one buoy system able to meet the criteria at the time of
selection was Seatex A/S of Trondheim, Norway. The IBM
PC compatible was required to act as the receiving station
of the wave data from the buoys.

All of the EMOGS calculations are performed on the
MicroVAX workstation. This computer was chosen be-
cause both its hardware and operating system allowed for
multiple jobs being run and up to four users logged in at the
same time. The hardware was composed of a 156 Megabyte
hard disk, a 6 Megabyte memory, a tape cartridge backup,
a color monitor, a hard copy printer, and eight serial ports.
The serial ports are for user login and environmental data
input. The operating system was VMS, the Digital Equip-
ment Virtual Memory System. VMS allowed up to four
ports being activated at the same time. For example, a
remote station user at the Submarine Group could call in to
the computer to obtain the latest EMOGS data while new
wave information was being transferred to the VAX from
the PC. Both jobs can occur simultaneously without inter-
ruption.

Math Model Development

The prediction of wave-induced ship motions is dependent
upon calculating the appropriate motion transfer functions.
These transfer functions are defined as the magnitude of ship
motion per unit wave height that the ship encounters. The
motion transfer functions are dependent upon the ship to
waveencounter period and directicn. The underlyingtheory
used in creating the motion transfer functions for the sur-
faced OHIO CLASS submarine assumed that it behaved the
same in waves as a surface ship. Accordingly, the computer
program that predicts surface ship motions, the Ship Motion
Program (SMP) (Meyers et al 1980, reference (2)), was used
after it was modified to accommodate the borizontal stern
planes of the submarine (McCreight and O’Dea 1990,
reference (3)). SMP calculates the motion transfer functions
through the two-dimensional strip theory approach for deep
water conditions. Because the submarine transits inshallow
water, the velocity potentials used in SMP had to be re-
calculated to reflect that condition. The shaliow water
velocity potentials were, therefore, determined outside of
SMP (reference (3)) in a three-dimensional panel program
and output into a file which could be read by SMP. The
motion transfer functions were output into a file organized
by ship to wave direction, ship speed, and critical wave

modal periods.

During the EMOGS calculations, the appropriate transfer
function is combined with the directional wave spectrum to
yield the variance of the vertical dispilacement through the
following equation:

e
of= [ [Stw.w) | Hw,w) Pdudy ®
00

where 0, is the vertical variance at either the bow orstern of
the ship, S is the directional wave spectrum, and H is the
motion transfer function for vertical displacement. This
vertical displacement transfer function is a result of combin-
ing the heave, vertical up and down motion, transfer func-
tion, z, and the pitch, angular up and down motion, transfer
function, 6, in the following way:

Hy=z+Xp, @
Model Testing and Full Scale Validation

The predicted vertical displacement calculations were cali-
brated through shallow water model testing, and validated
through a comparison with full scale data. The specifics of
the model experiment were explained in Jones and Crown,
1988, reference (4). Briefly, a 1/25th scale model of the
OHIO CLASS submarine was brought to the Waterways
Experiment Station in Vicksburg, Mississippi and tested in
a shallow water tank which simulated the depth of the
entrance channel to the SUBASE at Kings Bay. The model
was outfitted with sonic probes to measure both the waves as
they approached the model, and the motions during the
experimental run. The heave, pitch and vertical displace-
ment transfer functions were obtained from the experiments
using regular waves, and compared against the transfer
functions that were calculated from the math model. An
example of the results are shown in figure (2).

The math model transfer function predictions were validated
by obtaining full scale measurements of the submarine
movements in the channel as it passed by the two wave
measuring buoys. This effort was documented in Silverand
Dalzell 1991, reference (5). Briefly, each time an OHIO
CLASS submarine transited the dogleg portion of the chan-
nel past the buoys, the heave velocity and pitch motions were
recorded by the internal navigation system, ESGN. The
vertical displacement record was determined from those
recorded motions, and compared against the motions gener-
ated from the math model transfer functions and the recorded
wave spectra from the buoys. The results of this validation
are shown in figure (3) and reveal that the motions predicted
within EMOGS result in larger magnitudes, by approxi-
mately 20 percent, than those measured. This over predic-
tion provides a measure of safety for the overall EMOGS
calculation.
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SYSTEM CONFIGURATION

Once the preliminary steps for development were accom-
plished, the system could be put together as a tool for the
user. First, the end user of the system required to know the
predicted net effective clearance between the submarine
keel and the channeli bottom during the transit, C . EMOGS
obtains this solution by summing the effective water depth
of the channel during the transit and the predicted extreme

vertical displacement of the submarine. As previously
discussed, cach of these factors are influenced by several
parameters. Asshown in figure (4), the effective waterdepth
in the channel is dependent upon the channel depth at mean
low tide, E _, the astronomictide, E_, and the meteorological
tide, E_,. The extreme vertical displacement of the subma-
rine is caiculated from the static draft in salt water, T,, the
sinkage and trim at speed, S, and the motions allowance, A,.
All of these parameters are summed to obtain the effective
clearance according to the following equation:
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EMOGS obtains each of these parameters in the following
way. The cffective channel depth at mean low water is
obtained from the latest Corps of Engineers channel survey
results. The data from the survey are input to a statistical
computer program which calculates the “controlling depth”
of 5 reaches of the channel as shown in figure (5). The
“controlling depth” is defined as the 99th percentile shal-
lowest depth. All depths shallower than the controlling
depth are also identified and input into EMOGS as sediment
botspots. The astronomic tide level for the channel during
the transit is predicted from a tidal algorithm based on 37
astronomic tidal constituents. These constituents have been
calibrated by empirical data obtained by a real time tide gage
installed by the Corps of Engincers near the channel. The
meteorological tide is determined by obtaining the real-time
tide data from the Corps of Engineers gage and obtaining the
residual between it and the predicted tide level for the time
of transit.

The factors composing the extreme vertical displacement

are considered next. The static draft of the submarine in salt
water is input by the EMOGS userand is usually givenasthe
fully loaded design draft. The sinkage and trim value for the
submarine in shallow water is dependent upon the predicted
transitspeed and is obtained froman EMOGS database. The
final parameter making up the predicted extreme vertical
displacement of the submarine within EMOGS is the mo-
tions allowance, A. This parameter is computed by first
obtaining the motions variance through combining the
motion transfer functions for the predicted speed and head-
ing of the submarine during the channel transit with the
mcasured directional wave spectra as in equation (1). The
motions allowance is then statistically derived by the fol-
lowing equation (Ochi, 1973, reference (6)):

. l Loy )
4=e Mzswo,]

where g, is the rms motion at the bow orstern, o, is the time
derivative of the rms motion, L is the length of the channel
reach or series of reaches for which the allowance is being
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Fizure S. Location map of Kings Bay entrance channel and wave measuring buoys

calculated, U is the mean speed of the submarine during the
time in the cach channel segment, and is the risk parameter
which determines the frequency of exceeding the motion
allowance. The risk parameter within EMOGS is set to be
1 in 100 or that out of 100 downward excursions of the
submarine during a transit, one would be greater than the
caiculated allowance. The motions allowance is therefore
defined as the extreme vertical displacement at the bow and
rudder tip that is expected to occur during an anticipated
transit of the entrance channel. There are two major
conditions on which the motion allowance is calculated
within EMOGS. First, only one set of measured wave data
from the buoys moored along the dogleg of the channel is
used to describe the waves. Since the motions allowance
represents an extreme vertical “xcursion, it is assumed that
the wave conditions do not vary s nificantly over the length
of the channe} to effect this extreme. Second, the motions
allowance is calculated for the dogleg reach, referred to as
reach 1 in figure (S), and the remainder of the channel,
reaches 2 through 5. This is to account for the change in
relative ship to wave direction in the two sections of the
channel,

UNCERTAINTY AND RISK IN THE
EMOGS ADVISORY

In order for the end user of EMOGS to fully comprehend the
meaning of the net effective clearance, an understanding of
the uncertainties involved in obtaining the value and the risk
the value represents is required. The neteffective clearance
is caicuiated by equation 3. The following two sections
provide a summary of the investigation of the sources of
uncertainty in the advisory, and the amount of risk that
values of the advisory, net effective clearance, represent.

Sources of Uncertainty

Acquisition of the values of each of the components of
equation 3 contribute uncertainty to the resultant EMOGS
advisory. A complete and detailed uncertainty and risk
analysis for the EMOGS advisory is included in Dalzell
1991, reference (7). As previously stated, the net effective
Clearance is the difference between the effective channel
depth and the effective submarine vertical displacement.
There are three parameters used in estimating the effective
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channel depth. The channel depth at mean low water is
based on the controlling depth, the 99th percentile shallow-
est depth, from the most recent survey. The uncertainty of
the controlling depth has been estimated at £0.5 ft (0.15m)
which takes into account both the errors due to data collec-
tion techniques and the sampling error. The astronomic tide
level has an error stemming from the calibration of each of
the 37 harmonic constituents of the tidal cycle. Since all of
the measured tide data available from the Corps of Engineers
tide gage covered only several non-continuous months,
those constituents representing return cycles from one month
to one year were not adequately calibrated. The estimate of
the error band of the astronomic tide prediction for all parts
of the offshore channel, therefore, was taken to be 0.5 feet
(0.15m). The level of uncertainty in the meteorological
tide estimate was also +0.5 feet (0.15m). This uncertainty
stems from extrapolating the variable real time data, from
the Corps of Engineers tide gage, to a future time when the
submarine actually transits the channel. By taking the square
root of the sum of the squares of both components of tide, the
conventional error band for the tidal component is +0.7 feet
(0.2m). This figure corresponds to a +2 standard deviations
of the mean of a Normal distribution.

The effective dynamic draft in equation 3 consists of the
static draft, underway sinkage and trim, and the predicted
extreme vertical displacement due to wave-induced mo-
tions. Since the actual static draft is hard to measure, the
design draft for the fully loaded condition is used in the
EMOGS estimate. This figure can introduce a 0.5 foot
(20.15m)uncertainty due to the difference between the true
static draft and the design draft. The underway sinkage and
trim table was predicted using a computer program after
Beck, Newmanand Tuck 1975, reference (8), and calibrated
from the results of the model tests (Jones and Crown 1988,
reference (4)). This value can be considered accurate to
approximately +0.5 feet (+0.15m) due to the scatter between
the individual runs of the model test. Using the square root
of the sum of the squares, as in reference (7), the static
underway draft errorband is approximately 0.7 feet (0.2m).
As with the channel depth, this corresponds to a +2 standard
deviations of the mean of a Normal distribution.

The uncertainty in the predicted wave-induced motions of
the submarine as it transits the channel was determined by
first examining the error bands of each of the components of
motion, waves and motion transfer functions, then determin-
ing the contribution of uncertainty to the final underkeel
clearance estimate. As previously mentioned, the transfer
functions have been calibrated and validated by experimen-
tal model tests (Jones and Crown, 1988, reference (4)).
Because of the uncertainties inherent in model tests, there is
no absolute basis to completely validate the transfer func-
tions. However, the scatter of the model test data generally
fall within a 98% confidence band of the analytical transfer
functions. Those data that lie outside this bound generally
bave values lower than the numerically derived transfer

functions and thercfore, as used in EMOGS, the predicted
motions are more conservative. The wave data used in the
EMOGS calculation arc a representative sample of the wave
conditions in the channel based on data collected for 20
minutes. These data are not the actual waves the submarine
encounters duringthe transit, but are used as a representation
of the general wave climate for the entrance channel. In
addition, the wave data are collected along the entrance
channel’s dogleg and are assumed to represent the wave
climate throughout the length of the channel. Each of the
uncertainties of the motion transfer functions and the wave
data were incorporated into an analytical model to deter-
mine the overall uncertainty of the predicted motions. The
result of this uncertainty model compared the numerically
predicted motions generated with “true” motions that ac-
count for each of the uncertainties in the transfer functions
and measured wave spectra. From this analysis, it was
concluded that the mean value of the ratio between the
measured and estimated motion standard deviation was
determined to be on the order of 1.2 with a scatter of +30%.
This result assumes no serious biases in either the wave
spectra or the transfer functions. Analysis of the full scale
measured vertical displacement resulted in a ratio between
the measured and predicted mean motionstandard deviation
of 0.8 and a scatter of +30% (Silver and Dalzell, 1991,
reference (5)). The discrepancy between these ratios was not
conclusively determined, but a study of the influence of the
longcrested assumption in the uncertainty analysis yielded
some resolution. For this case, measured buoy data foreach
transit were modified to represent longcrested waves propa-
gating in the dominant direction. These waves were then
used to generate predicted motions that could be compared
with the observed motions from actual transits. When the
two motions were compared, the resulting mean value of the
ratio of standard deviations was 1.1. This figure is signifi-
cantly closer to the analytical estimate than the 0.8 mean
ratio that resulted from the original calculation using the
measured directional spectrum. This result suggests that the
bias in the predicted motions might be from the measured
wave spectrum.

It has been recognized that, due to the random nature of the
exciting force, the predicted vertical displacement of the
submarine as calculated directly within EMOGS would not
represent the maximum displacement in any one transit.
Therefore, the vertical displacement is adjusted for the
EMOGS output through a statistical formula developed by
Ochi 1973, reference (6), to aid in predicting the magnitude
of the extreme vertical displacement. A probability analysis
was conducted by Dalzell 1991, reference (7), on the result-
ingextreme vertical displacement. This analysis determined
the probability of occurrence of different values of the
extreme vertical displacement according to the standard
deviation, prediction bias and number of occurrences. The
result of this study indicated that the number of encounters
did not influence the probability distribution of the magni-
tude of the extreme excursions, but the bias and standard
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deviation of the sample of extreme values had a large
influence.

Level of Risk in the EMOGS Advisory

The relative risk associated with the net effective clearance
of the EMOGS advisory has been evaluated by Daizell 1991,
reference (7), based on the uncertainty analysis that was
provided in the same reference. For this analysis, risk was
defined as that portion of all possible transits under statisti-
cally constant conditions in which the minimum channel
clearance would be negative. The risk model used for this
definition computes the probability density of the minimum
channel clearance and determines the area up to a minimum
clearance of zero. Risk was mathematically defined as:

]
Risk= [p(C}C; ®

where C, is the minimum clearance and p(C,) is the prob-
ability density of the minimum clearance. The minimum
clearance is defined as the algebraic sum of the nominal
calm water clearance, C’ e 30d the maximum downward
excursion, Z.. The calm water clearance is defined as the
algebraic sum of the channel depths and the underway static
drafts. Since each component of C'__ is assumed to be
Normal, then C’_,_ is assumed to bc a Normal process.

Because the physncal origins of these two parameters are
statistically independent, the probability density function of
the minimum clearance can then be expressed as a convolu-
tion (Papoulis 1965, reference (9):

ACp= [pdCe-ZppofZpdZ, ©®

P, in equation 6 is the probability density of the maximum
downward excursion during the transit of a finite number of
excursions and includes both the bias and scatter of the
predicted vertical excursions as discussed in the uncertainty
section of the paper. The risk was calculated in a stepwise
approach by accounting for the particulars of the transit, the
ship speed, channel length and course, channel depth and
clearance, and the absolute channel water depth. The
density of the calm water clearance and minimumclearance,
P(C,), must then be calculated numerically in accordance
with equation6. Finally, the risk was calculated numerically
in accordance with equation 5. This risk model was used to
determine the numerical risk of the EMOGS net effective
clearance. In this way, the operator could interpret the
EMOGS output more effectively and provide the appropri-
ate guidance. The risk model generated the risk for combi-
nations of tide, ship speed, heading and 53 measured wave
spectra for the channel project depth. Table (1) shows the
results of this calculation.

Robinson/Silver
Table (1)
Risk Level Definitions for Representative

EMOGS Net Effective Clearances
EMOGS Net{ Risk of Touching Verbal
Clearance | Project Depth Assessment of

Risk!

Oto2feet | 1in50to 500 High risk
2 to 4 feet 1 in 500 to 10* Mod. risk
>4 feet less than 1 in 10* Low risk

INSTALLATION AND TRANSITION

The goal in developing EMOGS was to provide guidance to
OHIO CLASS submarines from the first channel transit by
the USS TENNESSEE entering Kings Bay. A schedule was
developed which supported installation of EMOGS atKings
Bay prior to the arrival of the TENNESSEE in February
1989. To support this critical milestone, EMOGS equip-
ment was installed in stages.

The first phase of the hardware installation took place in
February 1989. Wave measuringcapability was provided by
deploying two wave buoys just south of the St Mary’s inlet
channel. AnIBMPCcompatible computer with the RTSCAN
wave buoy software and a UHF receiver were installed atthe
Submarine Squadron 20 (SQUADRON 20) operations build-
ing. This allowed the squadron watchstanders to receive
wave and weather information from the buoys. Installation
of the wave measuringsystem was completed by assembling
two additional wave buoys and storing them in the SUBASE
Port Services department (Port Services) maintenance area.
This provided readily deployable back-up buoys in the case
of failure of a deployed buoy. The two additional buoys also
provided a means by which buoys could be rotated off of
deployment so that routine maintenance could be per-
formed. In this way the system could be maintained at peak
performance and provide 100% reliability.

In lieu of the ship motions prediction software, SQUAD-
RON 20 watchstanders completed net effective clearance
calculations by band, using the method outlined in the
EMOGS HANDBOOK, reference (10). The EMOGS
HANDBOOK described the principles behind EMOGS, and
provided the method and tables required to complete a ship
cleanance prediction using the wave information provided
by the buoys. In this way, watchstanders developed an
understanding of the principles used to develop an EMOGS
advisory. They also became proficientat completing EMOGS
calculations by band. This became the back-up method for
producing an EMOGS advisory in the case of failure of the
MicroVAX computer.

EMOGS quickly demonstrated its effectiveness. During
carly transits of the TENNESSEE, the ship was able to
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operate safely in scaways which would have been consid-
ered unsafe using older less precise clearance prediction
techniques.

The first version of the EMOGS ship motions software,
EMOGS 1.0, was completed and installed at SQUADRON
20 operations in June 1989. With the installation of the
software, watchstanders at SQUADRON 20 could now get
a computer prediction of net effective clearance for OHIO
CLASS ships just prior to channel transits. The EMOGS
advisory reports becanie valuable information to the squad-
ron and ship crews when making decisions about channel
transits. Upgraded versions of the software were installed
periodically throughout the 3 year installation/transition
period. The upgraded versions contained enhancements
such as wave prediction capability (24 and 48 hours in
advance), the ability to measure meteorological tide directly
inlieu of using rules of thumb based on wind and barometric
pressure measurements, and the installation of twvo EMOGS
remote stations at Port Services and Submarine Group 10,
reference (11).

Neither DTRC nor NAVSEA were equipped to maintain or
operate EMOGS for the life of the system. For this reason
it was important to get the support of the SQUADRON and
the SUBASE at Kings Bay and designate responsible opera-
tors and life cycle managers at Kings Bay. SQUADRON 20
was selected to operate the system, and SUBASE Port
Services Department was designated as the system life cycle
manager. It was vital that the transition program could
ensure that the personnel at Kings Bay were able to maintain
and operate EMOGS without the assistance of DTRC or
NAVSEA. To accomplish this, a comprehensive transition
program was developed which would gradually phase sta-
tion personnel into greater and greater responsibility for the
system during the three year installation/transition period.
This was realized by providing extensive training, publish-
ing several technical manuals and a training video on
operation and maintenance of EMOGS, meeting with sta-
tion personnel on EMOGS logistic support, and assisting in
the development of budgetary requirements for the system.

Training: A full time EMOGS operator was not provided to
Kings Bay by DTRC during the transition period. Instead,
SQUADRON 20 watchstanders were provided extensive
operator training during each installation phase of EMOGS.
This training ranged in scope from several hours to several
days and furnished SQUADRON 20 personnel with the
skills nceded to complete the operating tasks required for
that phase of the system.

During the deployment of the EMOGS wave buoys, training
sessions were held for EMOGS operators at SQUADRON
20 which demonstrated the use of the EMOGS HAND-
BOOK and RTSCAN buoy software. By the end of the buoy
installation watchstanders at SQUADRON 20 operations
could read the information provided by the buoys and use it
in hand calculations to provide an advisory to OHIO CLASS

ships transiting the channel.

When EMOGS 1.0 software was installed on the EMOGS
MicroVAX a few months later, watchstanders were trained
to use the EMOGS systemto generate a submarine advisory.
In addition, a SQUADRON 20 system manager was desig-
nated and provided with in-depth training on the EMOGS
software. By the end of the system installation period
watchstanders could use EMOGS to provide submarine
advisories and the system manager could complete routine
file maintenance functions. The system manager was also
able to complete first line trouble shooting and correct
system problems independently or with assistance by phone
from DTRC engineers.

As each EMOGS enhancement was installed, operators
were trained in the new system functions. In addition,
trairing and review was provided in areas of interest to the
operators or system manager.

Port Services personnel were trained in life cycle mainte-
nance of the buoy system through involvement in buoy
deployment and each buoy maintenance cycle during the
three year transition period. In this way, personnel respon-
sible for buoy maintenance learned many of the tasks
required to maintain the buoys firsthand. Inaddition, formal
training sessions were provided to teach Port Services
personnel how to complete specific inspections on contrac-
tor maintained hardware. A short buoy maintenance video
was also developed, providing a visual reference for main-
tenance personnel. Port Services demonstrated their ability
to independently maintain the buoy system by completing a
buoy maintenance during the transition period without the
aid of DTRC or NAVSEA personnel.

Documentation: To provide complete documentation for
the system, a series of manuals was developed in additionto
component manufacturer owner’s manuals. These new
manuals addressed EMOGS software, and the specific ap-
plication of the EMOGS hardware. A listing of all the
documentation provided as part of EMOGS is listed in
appendix A. Two of the documents, Environmental Moni-
toring and Operator Guidance System (EMOGS) Integrated
Logistic Support Plan (ILSP), reference (12), and Environ-
mental Monitoringand Operator Guidance System (EMOGS)
Ovenall Technical Description, reference (13), provide a
quick summary of the system set up, maintenance, opera-
tion, and logistic support requirements. The documents can
be used as a “road map” providing readers with an overview
of topics pertinent to EMOGS and referring readers to other
EMOGS documents for detailed information.

Logistic Support: The system’s primary logistics require-
ments come from maintenance of the SEATEX wave buoys.
The buoys are battery operated, with a six to eight month
battery supply. Therefore, maintenance must be completed
on each buoy every six months. This was accomplished by
replacing the deployed buoys with those in storage. Buoys
are then serviced and stored on shore at a small buoy
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maintenance facility located at Port Services. Buoy main-
tenance was staggered so that one buoy would be replaced
every three months.

The buoy clectronic design is proprictary to SEATEX and
requires special training by SEATEX for certification to
maintain the components. Rather than train eitber civilian
or military Kings Bay personnel, NAVSEA recommended
maintaining buoy electronic components using a mainte-
nance contract. This would provide consistent service for
the buoys ata reasonable cost. It would also eliminate a need
to provide costly periodic training and retraining to SUBASE
personnel.

A maintenance contract for the buoys was awarded to
SEATEX following the deployment of the buoys at Kings
Bay and was used to maintain the buoys throughout the
transition period. The contract was transferred to the
contracting officer at Kings Bay duringthe final option year.
This provided the SUBASE with a vehicle to maintain the
buoys during the station’s first year of maintenance respon-
sibility.

During the transition period, Port Services personnel were
trained to complete the COTR functions and the non-
contract maintenance for the buoys. In addition, copies of
the buoy maintenance contract were provided to the SUBASE
supply department so that they could become familiar with
the contract requirements. Several meetings were held with
SUBASE personnel to assist them in preparing to accept the
awarded maintenance contract and develop a follow-on to
that contract after it expired.

The transition period was also used to adjust the require-
ments for the buoy systems. Although the buoys had been
used for many years in the North Atlantic, the Kings Bay
deployment taxed the systems differently than was previ-
ously experienced. The transition operating period was used
to establish mooring line replacement intervals, adjust bat-
tery requirements, and determine bull and electronics main-
tenance requirements in the new environment. The mainte-
nance requirements necessary for the Kings Bay deploy-
ment of the buoys were specified in the ILSP, reference (12).
This document became the primary reference for mainte-
nance of the buoy system at Kings Bay.

Also developed during the transition period was a listing of
buoy spare parts which should be maintained at Kings Bay
to provide immediate repair capability. This list was
incorporated into the ILSP. A complete stock of these parts
was provided to the SUBASE at transfer of the system to the
station.

Using and maintaining the EMOGS system for three years
during the installation/transition period provided a good
history of the operating and maintenance costs for the
system. Consequently, detailed, historically based esti-
mates for the EMOGS annual costs could be provided to the
SUBASE before transferring the system. The costestimates

were detailed enough to allow the SUBASE to determine
baseline funding and additional costs for emergency or
unexpected repairs. The costestimates were also used by the
SUBASE in trade-off studies to determine whether certain
maintenance functions could be completed more cost effec-
tively by contract or using station personnel.

POTENTIAL APPLICATIONS OF
EMOGS TECHNOLOGY

There are many applications for EMOGS technology. The
most direct applications are EMOGS navigational aid sys-
tems for other ship classes. By altering ship specific
coefficients in the EMOGS models, the system can provide
clearance information to surface combatants, non-combat-
ants, other submarine classes and even commercial vessels.

Mr Silver will present a paper to the American Society of
Civil Engineers at the “Ports *92" conference (reference
(14)) which will discuss commercial applications of the
system. His paper addresses the use of EMOGS as an aid in
cargo offloading operations. EMOGS can be used to
determine the maximum cargo load which can be carried
into ports serviced by shallow channels. This reduces cargo
handling and shipping costs. Such a system could also be
used by the Navy, providing clearance information during
cargo and ordinance loading operations in areas serviced by
shallow channels.

By reconfiguring EMOGS to provide maneuvering informa-
tion, pilots operating large ships in ports withstrong currents
or channels with several tight turns can be provided with the
ships’ maneuvering characteristics. EMOGS can be a
tremendous tool to aid navigation under these circum-
stances.

EMOGS technology canprovide valuable, cost saving infor-
mation to port and channel design. The models created
duringthe carly stages of EMOGS developmentallowed the
Navy to reduce the depth requirements of the 12 mile St
Mary’s Inlet channel by S feet. This resulted not only ina
substantial reduction in the cost of construction, but also a
substantial reduction in maintenance costs. These same
principles can be applied to other channel designs. By using
information which is specific to the environmental condi-
tions and ships operating in the channel, clearance models
can be developed during the early stages of channel design.
In this way channel depth can be optimized. A channelcan
be designed to provide safe operating conditions at a shal-
lower project depth than would be considered using more
conservative design methods.

EMOGS can also be used to reduce maintenance dredging
costs of operating channels. Ship clearance informationcan
be used to aid in optimizing dredging schedules, reducing
dredging costs. Optimizing dredging schedules has the
additional benefit of minimizing the effect of dredging on
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ship operations and the environment.

Finally, EMOGS technology canbe used to provide shallow
wateroperating guidance to shipcrews. OHIO CLASS ships
are provided with Allowable Wave Height curves which
provide the crews with clearance information based on
channel depth, wave height and direction, and ship speed.
This information allows the ships’ captains to evaluate a
seaway and determine the risk of touchingbottom duringthe
transit of a shallow channel. Similar curves can be devel-
oped for other deep draft vessels.

CONCLUSION

The installation of EMOGS at Kings Bay GA has reduced the
risk of OHIO CLASS ships touching bottom during channel
transits, and has substantially reduced channel construction
and maintenance costs. The EMOGS system has become an
important part of Kings Bay submarine operations. Appli-
cation of this technology to other ship classes can optimize
shallow water operations and reduce dredging costs at Navy

ports.

LISTING OF EMOGS DOCUMENTS

1. Wavescan User Manual, Seatex A/S, Trondheim, Nor-
way, Revision No. 003/89, 20 Jan 89.

2. RTSCAN User Manual, Seatex A/S, Trondheim, Norway
Rev. No. 0004/89, 13 Nov 1989.

3. “Hippy 120 C Mark 1I Sensor Manual,” Datawell bv,
Laboratorium voor Instrumentatic, Haarlem, Nether-
lands.

4. Digital Equipment Corporation, Maynard, Mass.,
“MicroVAX 2000 Owner’s Manual,” EK-MVXAA-
OM-001, Jan 1987.

5. Digital Equipment Corporation, Maynard, Mass., “TK50
Tape Drive Subsystem; User’s Guide,” EK-OTKS50-
UG-004, Feb 1986.

6. Digital Equipment Corporation, Maynard, Mass.,
“MicroVAX 2000 Hardware Installation Guide,” EK-
MVXAA-IG-001, Jan 1987.

7. Digital Equipment Corporation, Maynard, Mass., “In-
stallingand Usingthe VT330/340 Video Terminal,” EK-
VT3XX-UG-001, Mar 1987.

8. Digital Equipment Corporation, Maynard, Mass., “In-
stalling and Using the LA75 Companion Printer,” EK-
OLA75-UG-002, Dec 1986.

9. Zenith Data Systems Corporation, St. Joseph, Mich., “Z-
248 PC Series Computers Owner’s Manual,” 1986.

10. Dalzell S.F., U.T. Lee and A.L. Silver, “Environmental

Monitoring and Opcrator Guidance System (EMOGS)
Automated System User Guide Version 2.0,” DTRC
SHD-1283-10, Oct 1990.

11. Dalzell, J.F., and U.T. Lee, “Environmental Monitoring
and Operator Guidance System (EMOGS) System/Pro-
grammer Reference Version2.0,” DTRCSHD-1283-11,
Oct 1990.

12. McCreight, W.R., and J.F. O’Dea, “Transfer Function
for a Surfaced Submarine in Shallow Water,” DTRC
SHD-1283-08, July 1990.

13. Dalzell, J.F., “Environmental Monitoring and Operator
Guidance System (EMOGS) Uncertainty and Risk Analy-
sis,” DTRC SHD-1283-07, Jan 1991.

14. Silver, A.L. and J.F. Dalzell, “Environmental Monitor-
ingand Operator Guidance System (EMOGS) Compari-
son of Predicted and Measured Submarine Motions,”
DTRC SHD-1283-12, Jan 1991.

15. Silver, A. L., Dalzell, J. F., Dolan, R., Aubrey, D., Lee,
W.T., “Environmental Monitoring and Operator Guid-
ance System (EMOGS), User Handbook,” DTRC/SHD
Report No. 1283-02, 1989.

16. Silver, A. L., Foley, E. W., “Environmental Monitoring
and Operator Guidance System (EMOGS), Integrated
Logistic Support Plan (ILSP),” DTRC/SHD Report No.
1283-13, 1991.

17. Silver, A. L., “Environmental Monitoring and Operator
Guidance System (EMOGS), Overall Technical De-
scription,” DTRC/SHD Report No. 1283-16, 1991.

18. Dalzell, J. F., “Environmental Monitoring and Operator
Guidance System (EMOGS), Uncertainty and Risk
Analysis,” DTRC/SHD Report No. 1283-07, Jan 1991.
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Abstract

The purpose of this paper is to discuss post-installation
analysis (also referred to as post-audit) in the context of
engineering economic analysis and to discuss the various
methods by which post-installation analysis can be ac-
complished. The importance of post-installation analysis
(benceforth referred to as PIA) within the Department of
Defense is underscored by the fact that during a 1989
audit of DoD’s management of capital investments, the
General Accounting Office found that post-installation
analysis was not being performed within the DoD. As a
result, recent Assistant Secretary of Defense, Comptrol-
ler (ASD(C)) guidance on Defense Business Operating
Fund Financial Policy directs the Services to perform
PIA on all capital investments justified wholly or par-
tially on the basis of economic considerations. Although
the mandate now exists, the ASD(C) guidance does not
offer any methods for implementing the requirement.
Given the lack of guidance from DOD on how to accom-
plish PIA and agenerallack ofinformation on thesubject
in contemporary engineering economic literature, this
paper willattempt to fill these voids. This paper will first
discuss the purpose of PIA, especially in terms of its role
in rational economic decision-making, followed by a
discussion of the various methods which can be employed
to undertake PIA given different types of investment
situations. Before proceeding further, however, it needs
to be stated that what makes PIA different than other
performance measurement systems is that PIA focuses
exclusively on the investment project and its actual
performance. Consequently, plant-level performance
measurement systems often can not serve to derive PIA
data because most plant-level performance measure-

mentsystems do not correlate specific resource inputs to
specific product line outputs. Moreover, even if such a
refined performance measurement system exists, unless
an investment is used exclusively in a specific industrial
process to produce a specific product line, plant-level
performance data is generally incapable of capturing the
actual performance of a specific investment decision. As
will be demonstrated throughout this paper, performing
PIA in a job shop environment is more difficult than
performing PIA in a production line environment. This
is because of the small production lot sizes in a job shop
environment, including lot sizes of one. Consequently,
whereas production line performance data can often be
collected from work center level financial data, perfor-
mance data for job shops often has to be collected
manually on the shop floor.

THE PURPOSE OF PIA

In the broadest sense, there are three general purposes which
PIA canserve. First, inasmuch as PIA serves to verify and
validate whether the costs and benefits used in an initial
money flow model of a prospective projectare in fact borne
out after the project is implemented, PIA focuses account-
ability on the adequacy of the initial decision-making pro-
cess. Therefore, one major purpose which PIA serves is to
hold decision-makers accountable for their actions. The
rationale underlying this purpose is that is it possible for
decision-makers to be lax in fully analyzing the data which
goes into a money flow model because the decision-makers
are already predisposed to undertake a given investment
alternative. Insucha situation, the initial economic analysis
may be simply a “smoke and mirrors” analysis to justify a
preferred course of action. By comparing the adequacy of
the initial decision-making model against the actual perfor-
mance of a chosen investment alternative, PIA serves to
“keep the process honest,” in that if decision-makers know
up front that they will be held accountable to the results of
their decisions, they will be more inclined to attempt as
accurate of an analysis as possible in the first place. The
second purpose which PIA serves has to do with subsequent
decisions once an investment is made. A large number of
capital investment decisions entail the purchase of new
equipment which has residual or salvage value. On the
secondary/used equipment market, after an initial sharp
decrease in value once the equipment is placed into opera-
tion, the salvage value of equipment generally decreases at
a constant rate until the equipment begins to approach its
useful technological life, at which time the salvage value
drops off dramatically. Therefore, once an investment is
made, how long the item should be retained in operation can
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affect the overall present equivalence value of the invest-
ment. Forexample, if itis demonstrated through PIA thatan
investment is not achieving the projected savings modeled
in the initial money flow, the decision-maker is then faced
with a follow-on decision to either retain the asset and
generate as much benefitas possible (albeit, less benefit than
was originally anticipated) orto abandon the project early so
as to recover as much salvage value as possible. Conse-
quently, inherent in most investment projects is a follow-on
decision as to how best optimize the resulting benefits,
notwithstanding the fact that sunk-costs have been incurred.
Without data from PIA, this type of rational optimization
can not occur irrespective of whether the operators of the
equipment intrinsically recognize if the equipment is pro-
ducing as expected or not. The third major purpose which
PIA serves is to act as a feedback mechanism for future
economic decision-making on subsequent projects. For
example, the benefits of most machine tool projects are
predicated to some extent on the projected increase in
productivity of a new piece of equipment or industrial
process over an existing piece of equipment or process.
Often these productivity improvement projects are based on
incomplete or estimated information such as prototype
results, manufacturer’s sales literature or industrial engi-
neering projections. Whether a project ultimately achieves
the benefits ascribed to it during the initial economic analy-
sis is often based on whether the assumed productivity is
realized. For most machine tools, increases in productivity
generally occur through some combination of reduced set-
up time, decreased machining time, or reduced rejection/
rework. Whether or not the benefits in these areas are
realized depends on a number of factors which can not be
determined during the initial analysis with complete cer-
tainty. For example, with Numerical Control (NC) machin-
ery, the current work force may not be able to fully acclimate
themselves to the major process change represented by the
introduction of NC. Some machinists may even resist the
introduction of NC and as a result the overall productivity of
the new equipment may suffer. These types of intangibles
can not be quantified with certainty during the initial analy-
sis. Moreover, business volume and workload often can not
be quantified with certainty, but are critically important in
determining the overall benefits which the implementation
of a investment alternative will achieve. Because of these
types of uncertainties, engineers often model the data used
in the initial analysis by using algorithms derived from
actual experience previously gained from similar types of
investments. Therefore, the quality of these parametric
algoritbms is critical and can be significantly improved
when they are attenuated for actual performance as mea-
sured by PIA.

METHODOLOGIES FOR
PERFORMING PIA

The effort to collect data to be used in PIA can range from

the relatively simple to the relatively complex depending on
both the nature of the investment being analyzed and the
nature of the product or process with which the investment
isassociated. Specifically, the following taxonomy is useful
for highlighting the different methodological approaches
which can be used to accomplish PIA. On one axis of the
taxonomy is the function which the equipment performs. In
the broadest sense, there are two types of functions which
equipment can perform, specialized functions and general
purpose functions. Specialized function equipment are
those which can accomplish only a single well-defined
industrial process. Forexample, a gasket cutting machine is
generally used to do only one operation: cut gaskets. On the
other hand, general purpose equipment are those which can
accomplish multiple industrial processes. Moreover, there
often are numerous machines which have the capability to
produce the product (in part or in total). For example, a
machining turning center can be used to cut, shape, mill,
bore and debur a variety of metals from aluminum to steel,
but so can other machines such as lathes, milling machines
and boring machines. The other axis of the taxonomy is the
category of the product line being produced by the equip-
ment. One category of product line is a unidimensional
product line. Anexample of an equipment investment fora
unidimensional product line would be a piece of equipment
employed to machine only eight inch diameter ball valves.
The other category of product line is a multi-dimensional
product line. Anexample of an equipment investment fora
multi-dimensional product line would be a piece of equip-
ment employed to produce a range of products such as four,
six, cight, and ten inch diameter ball and gate valves.
Therefore, based on this taxonomy four combinations can
exist:

(1) specialized equipment/unidimensional product line;
(2) specialized equipment/multi-dimensional productline;

(3) general purpose equipment/unidimensional product
line; and

(4) general purpose equipment/multi-dimensional prod-
uct line. Each combination of this taxonomy usually
requires a different methodological approachin order
to collect data for PIA. As such, each combination
will be discussed in turn.

Specialized Equipment/Unidimensional
Product Line.

This is usually the easiest combination by which PIA data
can be collected. Because the equipment in this category
performs a single function on a single product line, collect-
ingequipment performance data canbe as simple as measur-
ing the quantity of output for a given period of time and
dividing it by resource inputs (e.g., labor hours for the
machine operator) minus any rework associated with the
machine. Other inputs such as energy consumption can
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usually be derived by factoring the hours that the equipment
is used in combination with the energy efficiency of the
equipment. To illustrate, if a gasket cutting machine
produces 10,000 gaskets insix months, then the productivity
of the equipment can be calculated by dividing the number
of units produced by the labor hours employed to derive a
ratio of labor-hours-per-unit-produced. This ratio can then
be compared with the same ratio associated with the previ-
ous way in which gaskets were cut prior to the introduction
of the new equipment. The ratio between the new machine’s
labor-hours-per-unit-produced and the old process’s labor-
hours-per-unit-produced would represent the actual produc-
tivity increase for the new equipment. To take this example
further, if the new machine produced 10,000 gaskets in six
months with 1,010 direct labor hours, the labor-hours-per-
unit-produced would be .101 hours perunit. If the previous
process yielded 7,000 units per six months of direct labor,
then its labor-hours-per-unit produced would have been
.1442 hours per unit. Therefore, the new equipment can be
seen to have a 42.8% increase in productivity relative to the
older process. If the productivity assumptionused in the the
original money flow (which compared the present equiva-
lence of the old method with the gasket cutting machine
alternative) was 42.8% or greater, then the PIA would
validate that the present equivalence of the gasket cutting
machine was achieved relative to the old process (atleast in
terms of labor costs and benefits).

Specialized Equipment/Multi-
Dimensional Product Line

Thesituation where there is a specialized piece of equipment
which produces multiple product lines is more complex than
is the case with a unidimensional product line. To use the
gasket cutting machine example again, letit be assumed that
the machine cuts three sizes of gaskets out of rubber and
three sizes of gaskets out of a synthetic fiber material. The
methodology employed in this situation would be similar to
that employed in the unidimensional situation, except that
the data need to be weighted to control for any variation in
product mix. For example, Table One illustrates what the
new gasket cutting machine produced in six months time.

Moreover, Table Two illustrates what the old process pro- Table Three
Old Process New Process New Process

Table One Product  Quantity Hours/Unit  Derived

Product Quantity Labor Hours Hours/Unit I-li:) t;’:

Size 1, rubber 1500 125 0833 Size 1, rubber 1800  .0833 149.4
Size 2, rubber 2000 160 .08 .

. Size 2, rubber 500 08 40.0
Size 3, rubber 5000 400 .08 .

. Size 3, rubber 3500 .08 280.0
Size 1, fiber 1000 100 .10 .

. Size 1, fiber 1500 | 150.0

Size 2, fiber 2000 125 0625 . .

Size 3. fiber 1000 100 10 Size 2, fibe- 1500 .0625 93.75

’ ' Size 3, fiber 1000 .10 100.0

Total 12,500 1,010 .0808 Total 9800 813.15

Table Two
Product Quantity Labor Hours Hours/Unit
Size 1, rubber 1800 200 111
Size 2, rubber 500 100 20
Size 3, rubber 3500 400 1142
Size 1, fiber 1500 100 066
Size 2, fiber 1500 110 073
Size 3, fiber 1000 100 .10
Total 9,800 1,010 1030

duced in six months time.

Because of the shift in the gasket product line mix (both in
terms of material and the numbers of each size gasket
produced) and given that the direct labor-hours-per-unit-
produced varies among the different product lines, it is
unreasonable to simply average the two resulting total-
hours-per-unit values to compare productivity. However,
the two product mixes can be normalized simply by multi-
plying the individual hours/unit ratio of one of the product
mixes by the quantity produced inthe other product mix, and
deriving the estimated labor hours that it would have taken
the first process to accomplish the other process’s workload.
The ratio between the actual labor hours for the one process
and the derived labor hours for the other process can then
serve as the basis for measuring the productivity change
between the two processes. By normalizing the product mix
insucha fashion, the increase in productivity can be directly
compared. For example, Table Three uses the hour/unit
ratio per product line of the new machine multiplied by the
product mix of the older process. Consequently, the new
machine is projected to have been able to accomplish the
workload of the old processin 813.15 hours as opposed to the
1010 hours required by the old process. Therefore, the
productivity increase associated with the new equipment
can be estimated at 24.4%.

General Purpose Equipment/
Unidimensional Product Line
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It is under this situation that collecting data for PIA can
become more troublesome than under the first two situa-
tions. This is because more than one piece of equipment
normally can be used to accomplish the same industrial
process when general purpose equipment is involved. There-
fore, unlike the case with special function equipment, there
is nota direct relationship in this case betweena unique piece
of equipment and a specific product line. Forexample, say
that the new picce of equipment in question is a turning
centerwhich produces 8 inch gate values. The turning center
represents the first step of an overall plant modernization.
Prior to this procurement, the plant was laid out along
functional machine tool lines. The steps of the industrial
process require that raw stock be first turned down to the
required diameter on a lathe, then the ends are milled, the
center bored and the valve body deburred. To accomplish
the required work, the plant had three lathes, two mills, a
boring machine and a deburring machine. Once the new
turning centeris installed, itwill be able to do all of the above
operations without removing the stock. However, the single
turning center is not capable of machining all of the through-
put. Therefore, some valves had to be manufactured using
the “old” fourstep process while other valves were manufac-
tured using the new one step turning center process. Conse-
quently, toundertake PIA, aggregate total outputs and inputs
can not be simply factored to develop a hours-per-unit-ratio
as was the case in the specialized equipment models. The
best method to undertake PIA in this situation is to track
specific valves or valve lots longitudinally through both the
old and the new manufacturing processes. For example, for
a given period of time, a representative sample set of valves
requiring manufacturing would be identified. Each lot of
similar values would be split such that half of them would be
manufactured under the “old” four step process and half of
them would be manufactured under the new turning center
process. Measurements could then be taken as to total
machining time (including intra-valve center transporta-
tion, set-up time and machining time) for each valve in each
valvelot. Various methods may be available to collect these
data. If a sophisticated Shop Floor Control System (SFC)
exists such that processing time can be attributed to specific
machine tools for specific product lots, then summary SFC
data may be usable. However, few organizations have this
sophisticated of a SFC system. A “manual” alternative
would be to develop operator logs so that process time data
can be collected for those valves or valve lots which are

Table Four
Total Total
Lot Lot Size = Machining  Machining
Number  (Split) Time (Old) Time (New)
1 32 5,760 minutes 4,439 minutes
2 25 5,625 minutes 4,065 minutes
3 41 7,749 minutes 6,001 minutes

flagged as the sample set. Once the data are collected, the
results are simply averaged. (Note: no numerical weighing
is needed because each individual lot represents a homoge-
neous population.) Consequently, the difference between
the two processes can be identified. For example, Table
Four serves to illustrate this method.

From this data, the average machining time for the old
process would be 195.2 minutes, whereas the average ma-
chining time for the new process would be 148.0 minutes.
Therefore, this performance would indicated that a 31.9%
increase in productivity was achieved between the old and
new processes.

General Purpose Equipment/Multi-
dimensional Product Line

The methodology which can be employed with general
purpose equipment and a multidimensional product line is a
hybrid combining the weighted average approach with the
longitudinal study approach. The key factorto keep in mind
while undertaking the general purpose equipment/multi-
dimensional product line is that a balance must be struck to
collect adequate information on the different product lines
being produced by the process. In fact, one can conceptu-
alize that what actually occurs is a series of discrete data
collections for each major product line, which are then
combined to develop a weighted measure of aggregate
performance. The reason why this method can be concep-
tualized as a series of discrete data collections is that the
sampling set is not the entire population of products, but a
series of sampling sets, each representing a discrete product
line. (This is also referred to as stratified or clustersampling,
where each “cluster” represents a discrete product line. The
probability of any sub-set of the strata being picked must be
proportional to the prevalence of the strata in the entire
population). This approach must be taken because of the
lack of homogeneity in the product line population. For
example, say the the situation being analyzed is one where
a turning center manufactures numerous types of valves, not
just8” gate valves as was postulated in the previous example.
In this example, assume that the product lines were a
“family” (in the Group Technology sense of the term) of
various sized gate and ball valves. To collect meaningful
data, each discrete product line would have to have a sample
sub-set extracted from it. Each sub-set would then be split
into two lots as was the case with the unidimensional product
line methodology. Once actual machine performance data
are collected, the results would be averaged together using
weighted averaging techniques, where the weights assigned
would be in direct proportion to the prevalence of the
sampled sub-set in the total population of products. To
illustrate, say that there arc six discrete product lines as
follows: 4" gate valves; 6" gate valves; 8" gate valves; 6"
globe valves; 8" globe valves; and, 10" globe valves. Lots
foreach product line are then identified using representative
sampling techniques. Machining data are then collected
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OW Process New Process

Table Five
Split
Product Lot# LotSize Machining Machining
Time
4" gate 1 21 3,150 minutes
4" gate 2 20 3,005 minutes
6" gate 1 10 1,789 minutes
6" gate 2 15 2,423 minutes
6" gate 3 7 1,324 minutes
6" gate 4 10 1,903 minutes
8" gate 1 40 11,280 minutes
6" globe 1 25 4,768 minutes
6" globe 2 20 3,789 minutes
8" globe 1 50 14,321 minutes
10" globe 1 5 1,767 minutes
10" globe 2 10 3,183 minutes
10" globe 3 15 3,866 minutes

Time

2,268 minutes
2,109 minutes
1,357 minutes
1,987 minutes
989 minutes
1,443 minutes
7,892 minutes
4,001 minutes
2,999 minutes
10,156 minuteq
1,127 minutes
2,432 minutes
2,919 minutes

using operator logs for each sample set. Table Five illus-

trates the results.

For each Product line, Table Six shows the average process-
ing time for the old and the new processes.

The percentage of each product sub-set relative to the valve
center’s overall product line mix is illustrated by Table

Seven.

Therefore, by multiplying each product’s average manufac-

turing time by the percentage of total production which cach
product represents, an aggregate average manufacturing
time for both the old and new processes can be developed.
Inthis example, the total average manufacturing time for the
old process is 237.38 minutes while the total aggregate
average manufacturing time for the new process is 168.29
minutes. Consequently, it can be determined that the new
process represents a 41% increase in productivity over the
old process. The main difficulty with this methodology is
splitting the lotsizes so that both the old and the new process
are used to manufacture the different product lines. To set
this type of methodology in place requires very close
coordination with productionso as notto adversely affect the
shop floor. However, with pre-planning, the adoption of this
methodology is feasible in most industrial situations.

Dissimilar Product Lines

The above methods presuppose that the product line under-
going both the “old” and “new” process are fundamentally
the same. Often an old piece of equipment is maintained in
an operational status even after the new piece of equipment
is put into service. In such cases, it is relatively simple to
split product lots between the two processes or machines.
However, in some cases the old process is discarded or the
old equipment removed prior to the new process or equip-
ment coming on line. In these cases it is absolutely critical
that decision-makers plan out how they are going to ap-
proach PIA, especially in terms of how data are going to be
collected. If the old process/equipment is going to be
excessed, then performance data on this equipment must be
collected prior to that time. However, situations can exist
where the old equipment is taken out of operation before the
new equipment operational while at the same time there is
a fundamental change in the physical and/or metallurgical
characteristics of the product mix being produced. As an
example, assume that a production facility is going to
replace an older machining center with a new turning center
for manufacturing valves. The new piece of equipment will
be installed in the same space which the old piece of
equipment occupied. As such, the old piece of equipment
will be placed out of operation and removed priorto the new
equipment’s arrival. Moreover, assume that the company is
a subcontractor to a major shipbuilder and that its current
contract calls for manufacturing a number of ball valves
between four to twelve inches in diameter. The shipbuilder
has recently placed a new advanced order with the plant, but
this time is is for six to sixteen inch diameter ball valves.
This order will begin to be manufactured after the new
equipment is installed. Therefore, the company recognizes
that the physical characteristics of the product mix to be
manufactured on the new piece of equipment is fundamen-
tally different than the physical characteristics of the product
mix which has been manufactured on the old piece of
equipment. Consequently, the product mix’s physical char-
acteristics vis-a-vis the manufacturing process must be

Table Six
Old Process NewProcess
Product Avg Machining  Avg Machining
Time Time
4" gate 150.12 minutes 106.76 minutes
6" gate 177.11 minutes 137.52 minutes
8" gate 282.00 minutes 197.30 minutes
6" globe 190.16 minutes 155.55 minutes
8" globe 286.42 minutes 203.12 minutes
10" globe 352.64 minutes  215.93 minutes
Table Seven
Percentage of Total
Product Product Line

4" gate 18%

6" gate 16%

8" gate 20%

6" globe 16%

8" globe 16%

10" globe 14%
5
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normalized if meaningful PIA is to occur. One approachto
solve this type of problem is to mathematically infer how the
old piece of equipment would have performed on the new
workload and to then compare the projected performance of
the old piece of equipment against the actual performance of
the new piece of equipment. The comerstone of this
methodology is to develop correlation coefficients for some
readily available characteristics of the products being manu-
factured on the old machine and use these coefficients to
infer hbow the old machine would have preformed on the new
product mix.

Such coefficients can be developed through regression
analysis. This is accomplished by first identifying key
quantifiable characteristics of the product which can be
modeled as independent (exogenous) variables to predict
machine tool performance. The identification of the inde-
pendent variables may take a numberof iterations before key
variables are found which can predict equipment perfor-
mance consistently over the range of products produced.
However, in this case let it be assumed that the variables of
valve diameter and valve weight are discovered to ad-
equately predict equipment performance, measured by set-
up time and machining time. Once adequate predictor
variables are identificd, actua) independent and dependent
variable data are collected on a representative samples for
the oid product mix manufactured under the old process. For
this example, the sample set includes twenty-two 4" to 12°
ball valves. Each ball valve’s diameter and weight are
recorded, as well as the actual equipment set-up time and the
time required to machine the valves on the old equipment.
Once the data have been collected, regression coefficients
are calculated (using Ordinary Least Squared (OLS) regres-
sion) which correlate the independent variables with each
dependent variable (e.g., set-up time and machining time).
Because it is not unusual for the relationships between these
types of variables to be non-linear (forexample, although the
set-up time for an 8" valve is usually greater than the set-up
time for a 4" valve, it is usually something less than twice as
long) simple linear regression often provides a “poor fit” to
these relationships, especially atthe extremes of the variable
range. Numerous methods are available to plot non-linear
relationships. However, although the correlation is gener-
ally not linear, ncither is it normally exponential. Usually
the relationship has a “gentle” curve. One method to fit a
non-linear correlation is to simply square the value of each
independent variable and include them as additional inde-
pendent variables in the OLS regression model. Table Eight
illustrates the data base for this type of model. In it, set-up
time is predicted by valve size, valve size squared, valve
weight and valve weight squared. Also, these types of
models generally work better when a constant is included
(e.g., driving the slope through the origin usually skews the
slope of the best fit line downward). The resulting OLS
model for predicting set-up time on the old machine is: Old
Machine Set-Up Time = 1.136 +(3.1518 * valve size) + (-
0.0374 * vaive size squared) + (.09357 * valve weight) + (-

0.0000719 * valve weight squared). The Pearson’s correla-
tion (R squared) for this model is .9045. The resulting OLS
model for predicting machining time on the old machine is:
Old Machine Machiring Time = 62.671 + (-0.4588 * valve
size) + (0.9358 * valve size squared) + (0.09753 * valve
weight) + (0.0005210 * valve weight squared). The Pearson’s
correlation for this model is .9472.

Once the regression coeflicients are developed, the actual
values of the independent variabies can be used to predict
both set-up and machining time. As shown in Table Nine,
the model’s predicted set-up and machining times can then
be compared to the actual set-up and machining times. The
deltas between the predicated valve and the actual value
(e.g., residuals) should themselves be random; i.e., not
correlated to any given values of the independent variables.
If the residuals are not random, then there is a systematic bias
in the model which may be skewing the results. Diagnostic
tests such as those for heteroskedacity and autocorrleation
should be employed at this stage (which is beyond the scope

of this paper).

Once the regression coefficients are calculated and the
residuals determined to be bias free, the model is filed for
future use tosupport the PIA for the new piece of equipment.
Afterthe new piece of equipmentis operational, similar data
for the same independent and dependent variables are

Table Ten
NEW MACHINE
Actual Actual
Set-up Machining
Valve Size Weight Time Time
6 50 22 70
8 75 32 100
6 55 20 75
10 160 33 150
14 180 45 180
16 260 45 220
12 190 38 190
8 70 26 95
6 45 22 65
12 200 32 170
12 170 39 180
16 245 53 200
10 185 29 160
8 80 20 90
8 65 31 110
8 70 28 90
10 170 32 165
14 200 55 210
8 75 22 85
14 225 50 210
8 70 20 90
16 225 80 240
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Table Eight OLD MACHINE
Actual Actual
Valve size Weight Set-up Machining
Valve Size Squared Weight Squared Time Time

8 64 65 4225 32 135

12 144 150 22500 45 220

6 36 50 2500 28 95

4 16 45 2025 20 80

8 64 75 5625 36 150

4 16 50 2500 19 65

8 64 65 4225 35 110

6 36 45 2025 30 90

12 144 220 48400 35 240

8 64 80 6400 33 135

4 16 40 1600 22 90

6 36 55 3025 27 100

10 100 180 32400 40 180

8 64 75 5625 30 120

8 64 60 3600 29 145

8 64 80 6400 32 110

6 36 50 2500 27 105

4 16 35 1225 19 85

4 16 45 2025 15 90

10 100 160 25600 40 200

12 144 190 36100 45 220

8 64 70 4900 30 120

Table Nine OLD MACHINE
Actual Predicted Actual Predicted
Set-up Set-up Machining Machine
Valve Size Time Time Time Time

8 32 326 135 1274
12 45 43 220 2183
6 28 254 95 99.8
4 20 18.7 80 813
8 36 3.0 150 129.1
4 19 19.1 65 820
8 35 326 110 1274
6 30 250 90 99.1
12 35 357 240 2386
8 33 332 135 1300
4 22 183 90 80.5
6 27 25.7 100 1005
10 40 35.1 180 186.1
8 30 33.0 120 129.1
8 29 324 145 126.6
8 32 332 110 130.0
6 27 254 105 99.8
4 19 17.% 85 99
4 15 18.7 9% 813
10 40 372 200 180.6
12 45 40.2 220 2293
8 30 328 120 128.3
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collected forthe new workload actually accomplished onthe
new piece of equipment. Table Ten illustrates the data for
the new equipment used inthis example. Inorder to compare
the old equipment’s performance relative to the new
equipment’s performance, the actual independent variable
data recorded forthe newworkload are used to infer what the
old equipment’s performance would have been while manu-
facturing the new product mix. Assuch, the new workload’s
independent variable data are “plugged” into the old
equipment’s regression model. The resulting predicted
values indicate what the old equipment’s performance would
bave been on the new workload. These results can then be
compared with the actual performance of the new equipment
to determine the new equipment’s relative increase in
productivity. Table Eleven illustrates what the regression
model infers the old equipment’s set-up and machining
times would have been for the new workload, as compared
to the actual set-up and machining times for the new
equipment.

However, it must be kept in mind that the regression model
only projects a point estimate and is not 100% accurate in its
predictive capabilities (i.e., the Pearson’s correlation is not
1.0 for either model). Therefore, the actual performance of
the old equipment — within a given statistical accuracy —
is some factor plus or minus the point estimate generated by
the models. Inorderto generate confidence intervals around

each point estimated at 95% confidence (which is the norm
for most statistical analyses), the standard error of the
regression model is multiplied by 1.96 (which represents the
number of standard deviations needed to achieve 95%
confidence for a two-tailed test). The resulting confidence
interval factor is then added to each point estimate to derive
the upper confidence limit, and subtracted from each point
estimate to derive the lower confidence limit. Consequently,
for each data element, the model can be interpreted to mean
that there is a 95% confidence that the actual inferred
performance of the old machine in producing the new
workload lies somewhere between the lower and the upper
confidence limits (LCL and UCL, respectively). Because
this example uses a muiti-dimensional product mix, the
results must be weighted in order to determine aggregate
performance. Therefore, the average manufacturing time
for each valve size strata is multiplied by the percentage of
workload that each strata represents relative to the total new
workload. Lower confidence limits are then factored into
the aggregate performances for both set-up and machining
time (it is not necessary to calculate upper confidence
intervals because it is the minimum difference in perfor-
mance between the old and new machines which is of
interest — this minimum difference is reflected in the lower
confidence interval). In order to determine aggregate per-
formance, the composite set-up times and machining times
are then added together. The results are shown in Table
Twelve.

Table Eleven Once the results are calculated, validation of the original
Old Machine New Machine money flow canoccurusingthe Present Equivalence method.
Inferred Inferred Actual  Actual (Note: forgovernment activities, the Office of Management
Set-up Machining  Set-up Machining | and Budget has established a discount rate of 10% to
Valve Size Time Time Time Time calculate money flows.) Forexample, let us assume that the
original economic analysis indicated that the old machine
6 259 99.8 22 70 had a yearly recurring production cost of $100K, an annual
8 335 129.1 32 100 maintenance costs of $20K and a salvage value of $OK.
6 26.5 100.5 20 75 Moreover, let us assume that the original economic analysis
10 394 180.6 33 150 projected the new machine to have aninitial investment cost
14 47.1 274.1 45 180 of $100K, a yearly recurring production cost o€ 366K (e.g.,
16 40.3 3555 45 220 a 34% improvement in productivity for the new machine
12 419 229.3 38 190
8 331 128.3 26 95 Table Twelve N
6 254 99.1 22 65
12 40.9 2323 32 170 Composite
12 435 223.6 39 180 Composite Avg Time
16 43.1 350.1 53 200 Avg Time (At Point Estimate)
10 37.7 187.5 29 160 New Machine  Old Machine  Productivity Increase
8 338 130.0 20 90
8 327 127.4 31 110 183.9 min 243.3 min 1.323%
8 331 128.3 28 90 .
10 388 1833 2 165 Composite
14 453 2800 55 210 , Avg Time
8 335 2291 2 8 Composite  (AtLCL) .y
14 2.2 288.0 50 210 Avg Time . Old Machine  Productivity Increasd
8 331 1283 20 %0 New Machine atLCL at LCL
16 413 3536 80 240 183.9 min 212.5 min 1.155%
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Table Thirteen
OLD MACHINE COSTS (ACTUAL)
(in thousands of dollars)
YO _ Yr1 Y2 Yr3 Yrd Y5 Y6 Yr7 Y8 Y9  Yri0
Manuf Cost 0 100 100 100 100 100 100 100 100 100 100
O&M Cost 0 20 20 20 20 20 20 20 20 20 20
Salvage 0 0 0 0 0 0 0 0 0 0 0
Invest 0 0 0 0 0 0 0 0 0 0 0
Net Cash 0 120 120 120 120 120 120 120 120 120 120
Net Present Equivalent Cost = $3,479
NEW MACHINE COSTS (PREDICTED)
(in thousands of dollars)
YO  Yrl Y2 Y3 Y4 Y5 Y6 Yr7  Y'8 Y9 Y10
Manuf Cost 0 66 66 66 66 66 66 66 66 66 66
O&M Cost 0 10 10 10 10 10 10 10 10 10 10
Salvage 0 0 0 0 0 0 0 0 0 0 -20
Invest 100 0 0 0 0 0 0 0 0 0 0
Net Cash 100 76 76 76 76 76 76 76 76 76 56

Net Present Equivalent Cost = $1,634

Table Foutrteen

NEW MACHINE (AT 32% PRODUCTIVITY IMPROVEMENT)
(in thousands of dollars)

YO  Yrl Y2 _ Yr3 Yrd __YiS Yr6 Yr7 Y8 Y9 Yr10
Manuf Cost 0 68 68 68 68 68 68 68 68 68 68
O&M Cost 0 10 10 10 10 10 10 10 10 10 10
Salvage 0 0 0 0 0 0 0 0 0 0 -20
Invest 0 0 0 0 0 0 0 0 0 0 0
Net Cash 100 78 78 78 78 78 78 78 78 78 58
Net Present Equivalent Cost = $1,706,000
NEW MACHINE COSTS (AT 15.5% PRODUCTIVITY IMPROVEMENT)

(in thousands of dollars)

Y0 Yri Y2 _ Yr3 Y4 Yr5 Yr6 Y7 Y8 Yo Yr10
Manuf Cost 0 85 85 85 85 85 85 85 85 85 85
O&M Cost 0 10 10 10 10 10 10 10 10 10 10
Salvage 0 0 0 0 0 0 0 0 0 0 -20
Invest 100 0 (] 0 0 0 0 0 0 0 0
Net Cash 100 95 95 95 95 95 95 95 95 95 75

Net Present Equivalent Cost = $2,377,000
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relative to the old machine for any given workload), an
annual maintenance costs of $10K and a salvage value of
$20K. Moreover, let us assume a 10 year life for the new
cquipment. Consequently, Table Thirtecn indicates the
respective Present Equivalent cash flows forboth the oldand
new machines over the ten year life of the new equipment.
As can be seen, the original Present Equivalent cost for the
old machine was $3,479,000 (at 10% interest), while the
original Present Equivalent cost for the new machine was
estimated at $1,634,000 (at 10% interest). Consequently,
the Present Equivalent cash flows projected a $1,845,000
life cycle costsavings for the new machine relative to the old
machine. However, given the PIA data, the actual perfor-
mance of the new machine can be compared to the inferred
performance of the old machine, as illustrated by in Table
Fourteen. From Table Twelve, the relative productivity
improvement between the new machine and the inferred
performance of the old machine at the point estimate is only
32%, not the 34% assumed in the initial cash flow. More-
over, the old machine’s inferred performance at the Lower
Confidence Level indicates a relative productivity improve-
ment of only 15.5%, vice 33%. The effect of these differ-
ences in productivity is a decrease in the life cycle Present
Equivalence cash flow to $1,773,000 at a 32% increase in
productivity and $1,102,000 at only a 15.5% increase in
productivity. However, because the cash flow for the niew
machine is better than those for the old machine, the new
machine canbe considered to have resulted in a positive cash
flow. Even with only a 15.5% increase in productivity, the
difference would not have resulted in decision reversal.

POST-SCRIPT

This paper attempted to establish different methodological
approaches for different investment scenarios. What is
critical to understand is that any PIA mustbe preplanned and
well thought-out. Decision-makers can not wait until new
equipment is operational before envisioning how PIA will
be accomplished (especially if the oid equipment is being
excessed). Insum, performing PIA is as much of an “art” as
it is a science. Creativity and foresight must go into
developing the PIA plan if meaningful analysis is to be
forthcoming,.
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